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iDankwoord
Toen ik als onervaren thesisstudent op een goede middag aanklopte bij mijn dierbare
promotoren, Hans Beeckman en Joris Van Acker, met de aankondiging dat ik een
doctoraat wou schrijven ‘over Afrika’, konden beiden hun glimlach niet onderdukken terwijl
ze me meedeelden dat ik mijn onderwerp toch iets preciezer zou moeten omschrijven.
Gelukkig had Hans Beeckman nog een razend interessant maar uiterst uitdagend
onderzoeksthema liggen in een van de bestofte kasten van het Afrikamuseum, dat blijkbaar
in elke hoek en kier diverse soorten schatten herbergt. Ik kreeg houtskoolfragmentjes
voorgeschoteld die enkele honderden tot tienduizenden jaren oud waren en gevonden
waren in Shum Laka en Matupi Cave, twee illustere archeologische sites in Centraal Afrika.
Hans deelde me mee dat houtskool in feite een waardevol ‘archief’ is dat niet alleen in
archeologische opgravingen voorkomt, maar ook in natuurlijke bodemlagen als getuige van
bosbranden in het verleden. Bovendien is de anatomie van houtskool nog bijna net zo
‘leesbaar’ is als die van hout, waardoor identificatie in principe mogelijk is en de
soortensamenstelling van lang verdwenen bossen kan gereconstrueerd worden. Hans
introduceerde me in het wereldje van de woelige Centraal Afrikaanse ‘bosgeschiedenis’, die
blijkbaar in niets leek op het beeld dat ik had van de immergroene en immer bestaande
‘oerwouden’. Pleistocene refugiumgebieden en Bantoemigraties waren termen die me oud-
Hebreeuws leken, maar ik was toch verkocht. In één klap had ik een onderwerp met
raakvlakken aan archeologie, geschiedenis, bosonderzoek en paleo-ecologie, stuk voor
stuk domeinen die me als kind al intrigeerden. Bovendien bestaat de prekoloniale
geschiedenis van Afrika uit verbazingwekkend veel duistere pagina’s, zoals Van Reybroeck
terecht vermeldt in zijn ‘Congo’. Ik begon al te dromen over ontdekkingen en het ontrafelen
van de diepere geschiedenis achter Conrad’s heart of darkness. Ik zou op zoek gaan naar
de roots van het regenwoud.
Toch was het een medaille met een bijzonder schrikwekkende keerzijde. Het domein van
het Centraal Afrikaanse houtskoolonderzoek was nagenoeg onontgonnen gebied om een
aantal gegronde redenen. Op de 4th International Meeting of Anthracology in Brussel kreeg
ik van experts te horen dat ik voor een quasi onmogelijke taak stond. Er was nog geen
systematisch identificatieprotocol ontwikkeld, waardoor een beginneling al snel verloren
raakt in de immense doolhof van de tropische soortenrijkdom. Hoeveel houtige soorten zijn
er eigenlijk in Centraal Afrika? Niemand kon me antwoord geven op die vraag. Bovendien
waren er maar heel weinig studies die aantoonden dat houtskool inderdaad aanwezig is in
de bodem onder Centraal Afrikaanse bossen. Gelukkig hield Hans bij hoog en bij laag vol
dat ik zeker houtskool zou vinden, anders was ik misschien nooit vertrokken naar Congo.
Voor de meeste problemen zijn er oplossingen gevonden of toch in ieder geval tijdelijke
‘dépannages’, waarbij een aantal mensen me bijzonder hard geholpen hebben, sommigen
tijdens de eerste stadia van mijn doctoraat, anderen pas tijdens de laatste maanden.
Waarschijnlijk zijn vele helpende handen tijdelijk in de Afrikaanse mist van mijn geheugen
verdwenen. Toch waag ik een poging tot synthese.
Eerst en vooral wil ik de instanties bedanken die dit alles financieel mogelijk gemaakt
hebben: het Bijzonder Onderzoeksfonds (BOF) van de Universiteit Gent financierde mijn
onderzoek. Bijdragen voor veldwerk ontving ik van het Fonds voor Wetenschappelijk
Onderzoek Vlaanderen (FWO), het Leopold III Fonds, de Commissie Wetenschappelijk
Onderzoek (CWO) van de Universiteit Gent en het Wereldnatuurfonds (WWF).
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Ten tweede wil ik de mensen bedanken die me pertinent bijgestaan hebben. De deuren van
mijn promotoren Hans Beeckman en Joris Van Acker stonden altijd voor me open en ik zal
niet ontkennen dat ik daar uitgebreid gebruik van gemaakt heb. Hans en Joris, ik dank jullie
hartelijk voor het aanreiken van een uiterst interessant onderwerp, de middelen, jullie
hardnekkig vertrouwen en de liters Orval. Bijna op hetzelfde niveau moet ik Jan Van den
Bulcke bedanken, mijn compadre die me begeleid heeft op mijn eerste worsteling doorheen
de verschillende stadia van een publicatie, voor velen een ware dodentocht. Uiteraard moet
ik je niet alleen bedanken als collega, maar ondertussen als een van mijn beste makkers.
De volgende lading bedankingen gaat naar de vele mensen die me geholpen hebben met
de voorbereiding en het uitvoeren van mijn veldwerk in Congo. In het bijzonder wil ik de
mensen van WWF bedanken die me uitgebreid bijgestaan hebben met logistiek, transport
en organisatie: Geert Lejeune, Laurent Nsenga, Bruno Perodeau en alle WWF-ecogardes
en INERA-personeelsleden die me doorheen de wouden van de Bas-Congo geleid hebben:
Chef Ndunga, Prince, Luyeye, Jean-Pierre, Ricko, Paulin, Lidjo, Mbambi, Fils, Lupeta,
Kembo en Jean-Marron. Ik wil verscheidene Congolese wetenschappers bedanken die me
in Congo zelf een handje hebben toegestoken: Benjamin Toirambe, Shango Mutambwe,
Jean-Pierre Mate Mweru, Sylvain Solia en Prosper Sabongo. Verder zou ik het in Kinshasa
waarschijnlijk niet lang uitgezongen hebben zonder de hartelijke steun van Wilfried
Godderis en zijn vrouw Erika, waarvoor mijn oprechte waardering. Ten slotte wil ik van
harte het voltallige medewerkersteam van de expeditie ‘Boyekoli Ebale Congo’ bedanken,
met in het bijzonder Erik Verheyen, Guido Gryseels, Dudu Akaibe, Hilde Keunen, Koeki
Claessens, Piet Stoffelen, Steven Dessein en Christine Cocquyt.
In de labo’s in België kon ik altijd rekenen op collega’s. Eerst en vooral wil ik Wim Tavernier
bedanken voor zijn jarenlange toewijding aan de houtcollectie en de database in Tervuren.
Verder wil ik het technisch personeel in Gent en Tervuren bedanken voor hun immer
enthousiaste hulp: Piet Dekeyser, Stijn Willen, Rik Derycke, José Kempenaers, Stéphane
Hanot, Sara Aït Mhamad, Koen Spinnoy, Marijke Dewilde en Hannelore Nackaerts. Verder
ben ik dank verschuldigd aan verscheidene wetenschappers die me bijgestaan hebben bij
het genereren, verwerken, rapporteren en bediscussiëren van resultaten: Florias Mees,
Alexandre Livingstone-Smith, Els Cornelissen, Koen Bostoen, Bernard Clist, Dirk
Verschuren, Maaike De Ridder, Dries Vansteenkiste, Nele Schmitz, Didier van den Spiegel,
Geert Baert, Hans Verbeeck, Claire Delvaux, Céline Termote, Peter Kitin, Agathe Die,
Elena Marinova, Imogen Poole, Pieter Baas, Freek Braadbaart, Andreas Heiss, Ilse
Boeren, Camille Couralet, Alexa Höhn, Jean-Louis Doucet, Nils Bourland, Jean-François
Gillet en Olivier Hardy. Ten slotte wil ik ook mijn dierbare bureaugenoten Imke Dewindt en
Nele Defoirdt bedanken voor alle uurtjes gezellig samenzijn en mijn thesisstudenten
(‘kapiteins’) Karel Verhaeghe, Ruben Eeckhout, John Tshibamba, Josias Bonyoma en
Miran Vanwonterghem voor hun geduld en enthousiaste medewerking.
Last but not least wil ik mijn familie en vrienden bedanken voor de niet te onderschatten
ondersteuning vanaf de zijlijn. In het bijzonder mijn moeder Renata (‘Naatje’ Bruggeman),
mijn vader Pierre (‘de Beeste’ Hubau), Lore (‘Lorita’), Stein (‘Steine’), Karolien (‘Lientje’),
Mira en Lio, en mijn opa’s en oma’s: Trees en Frans, Josef en Marie-Jeanne. Bij mijn beste
makkers kon ik altijd stoom aflaten met een goede trappist: Janpieter, John, Bert, Andreas,
Lotte, Ward, Marian, Steven, Célestin, Gorik, Griet, Fien en nog zovelen meer...
Als allerlaatste, maar misschien wel meest belangrijke steunbeer in mijn leven wil ik mijn
vriendin Maayke Keymeulen bedanken voor haar onvoorwaardelijke steun en liefde en de
schouder waarop ik ’s avonds kan uithuilen als excel weer vastgelopen is. Maayke, je weet
gewoon niet wat je voor mij betekent! Ain’t no mountain high enough...
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Houtskool als een natuurlijk archief
voor bosbrand en vegetatiegeschiedenis van
de Mayumbe, Democratische Republiek Congo
Korte samenvatting
Directe bewijzen voor Centraal-Afrikaanse vegetatiegeschiedenis zijn voornamelijk
gebaseerd op pollenanalyse. Aanvullend is houtskoolanalyse erg nuttig gebleken voor
paleobotanische reconstructies in gematigde streken. In de tropen heeft deze discipline
echter te kampen met fundamentele problemen die voornamelijk te wijten zijn aan
soortenrijkdom en het gebrek aan een systematische identificatieprocedure. Daarom wordt
in het eerste deel van dit doctoraat een transparant identificatieprotocol voor Centraal
Afrikaans houtskool gepresenteerd, gebaseerd op uitgebreide datasets en goed
gedefinieerde houtanatomische kenmerken. De procedure maakt gebruik van
complementaire beeldvormingstechnieken en een evaluatiemethode die de
betrouwbaarheid van houtskoolidentificaties toetst. De validiteit van het protocol blijkt
ondermeer uit de onderlinge consistentie van identificatieresultaten en de compatibiliteit
met vegetatiereconstructies gebaseerd op pollenonderzoek.
In het tweede luik worden de procedures voor houtskoolidentificatie en -evaluatie toegepast
op houtskoolfragmenten die gevonden werden in 7 verschillende bodemprofielen in de
zuidelijke Mayumbe (Bas-Congo, DRCongo). Elk bodemprofiel leverde een of meerdere
houtskoolcollecties op, die elk een bosbrand archiveren. Uit 14C dateringen blijkt dat alle
bosbranden plaatsvonden tijdens of net na drie welgekende droogteperiodes: het ‘8200 BP
incident’, de ‘regenwoudcrisis’ tijdens het derde millennium BP (3000-2000 BP) en het
‘Middeleeuws klimaatoptimum’ (1000-700 BP). Tijdens en na deze klimaatanomalieën
waren de regenwouden sterk gevoelig voor uitdroging en brand, voornamelijk rond open
plaatsen tijdens het droge seizoen. Houtskoolidentificaties tonen aan dat het
climaxregenwoud dicht bij de Centraal Afrikaanse bosgrens lokaal moest inboeten voor
savanne en open bostypes ten gevolge van de droogte, terwijl het relatief intact bleef dieper
in het hart van het regenwoud. Bovendien werd bosregeneratie tijdens herstelperiodes
tegengewerkt door terugkerende bosbranden, waardoor het een traag proces was.
Artefacten geassocieerd met enkele houtskoolcollecties tonen echter aan dat
bosfragmentatie niet alleen een rechtstreeks gevolg was van droogte, maar versterkt werd
door menselijke verstoring (bv. Zwerflandbouw), die begon tijdens het derde millennium BP
maar waarschijnlijk pas echt belangrijk werd tijdens het laatste millennium.
Uitgebreide samenvatting
Regenwouden bieden belangrijke ecosysteemdiensten op lokale maar ook op globale
schaal. Ze dragen substantieel bij tot koolstofsequestratie en biodiversiteit. Toch staan ze
onafgebroken onder menselijke druk die meer en meer leidt tot grootschalige
bosdegradatie en bosvernietiging. Dit is een belangrijk aandachtspunt in wetenschappelijke
kringen, maar ook op internationale politieke fora. Regenwouden winnen aan belang bij
debatten over wereldwijde klimaatveranderingen. Als we het complexe causale netwerk van
het globale klimaatvraagstuk beter willen begrijpen, hebben we een breder perspectief
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nodig, waarbij paleoklimatologische informatie en reconstructies van (pre)historische
ecosysteem- en vegetatiedynamiek onontbeerlijk zijn. Directe bewijzen voor Centraal-
Afrikaanse vegetatiegeschiedenis zijn voornamelijk gebaseerd op paleolimnologie (=
analyse van meersedimenten), waarbij onder andere gebruik gemaakt wordt van
palynologie (= pollenanalyse). Anthracologie (= houtskoolanalyse) is erg nuttig gebleken
voor paleobotanische reconstructies in gematigde en droge streken, maar de discipline
heeft in de tropen te kampen met fundamentele problemen die voornamelijk te wijten zijn
aan soortenrijkdom. Daardoor is houtskoolanalyse nog nauwelijks toegepast in Centraal-
Afrika.
In het eerste deel van deze verhandeling wordt een transparante identificatie-
procedure voor Centraal-Afrikaans houtskool gepresenteerd. Daarbij wordt gebruik
gemaakt van uitgebreide datasets en goed gedefinieerde houtanatomische
kenmerken. De procedure houdt ook een evaluatiemethode in die de
betrouwbaarheid van houtskoolidentificaties toetst.
De identificatieprocedure is ontwikkeld in een overkoepelende dataset van soortnamen en
achtergrondinformatie. Deze dataset is samengesteld uit (1) een op het internet
beschikbare database van houtanatomische beschrijvingen (InsideWood), (2) de database
behorende bij de grootste referentiecollectie van Centraal-Afrikaanse houtstalen (KMMA,
Tervuren) en (3) lijsten van indicatorsoorten en inventarisatiegegevens. De procedure start
met een zoektocht binnen de dataset, gebaseerd op houtanatomische kenmerken en
gericht op het vinden van genera. De procedure gaat verder met automatische
uitbreidingen en reducties van de resulterende soortenlijsten. Ze sluit af met een
vergelijkende microscopische studie van houtanatomie (referentiemateriaal) enerzijds en
houtskoolanatomie anderzijds. Het identificatieprotocol heeft potentieel een groot
geografisch toepassingsgebied aangezien het kan uitgebreid worden voor elk
onderzoeksgebied in Centraal-Afrika. Bovendien groeien zowel de referentiecollectie als de
InsideWood database op een regelmatige basis zodat de kracht van het protocol nog
steeds toeneemt. Ten slotte kan houtskoolanalyse een substantiële bijdrage leveren aan
pollenonderzoek doordat taxa die systematisch ondervertegenwoordigd zijn in
pollenspectra wel aanwezig kunnen zijn in houtskoolcollecties en doordat de abundantie
van soorten die systematisch oververtegenwoordigd zijn in pollenspectra getoetst kan
worden aan de hand van hun voorkomen in houtskool. De validiteit van het protocol is
aangetoond door de onderlinge consistentie van identificatieresultaten en de compatibiliteit
met vegetatiereconstructies gebaseerd op fytogeografisch en palynologisch onderzoek.
Anthracologisch onderzoek kan palynologisch onderzoek dus aanvullen en een combinatie
van beide kan resulteren in sterkere paleobotanische reconstructies.
Toch zijn puur anatomische moeilijkheden nog steeds moeilijk op te lossen. Ze kunnen wel
aangepakt worden door gebruik te maken van complementaire beeldvormingtechnieken.
Ten eerste is reflectantiemicroscopie (RLM) een snelle en gemakkelijke manier om een
grote hoeveelheid houtskoolfragmenten te groeperen in houtskooltypes. Ten tweede
leveren X-stralen tomografie geoptimaliseerd voor snelle doorvoer (HT-µCT) en
electronenmicroscopie (SEM) relatief snel een gedetailleerd beeld van de
houtskoolanatomie dat kan gebruikt worden voor beschrijvingen. Ten slotte is X-stralen
tomografie bij hoge resolutie (nanoCT) essentieel voor de beeldvorming van ‘verborgen’
anatomische kenmerken. Elk van deze beeldvormingtechnieken draagt bij tot een optimale
visualisatie van de houtskoolanatomie en de karakterisatie en evaluatie van anatomie-
gerelateerde ‘moeilijkheden’, wat de onderzoeker in staat stelt om een onderscheid te
maken tussen betrouwbare en minder betrouwbare identificaties. Dit leidt tot integere
vpaleobotanische interpretaties, waarbij de nadruk gelegd wordt op de meest betrouwbare
identificaties.
Specifiek werden zes verschillende betrouwbaarheidcriteria gedefinieerd en toegepast op
de 84 geïdentificeerde houtskooltypes uit de 14 houtskoolcollecties die besproken worden
in deze verhandeling (deel 2). Deze betrouwbaarheidcriteria zijn gerelateerd aan
houtskoolanatomie (A. duidelijkheid van de houtskoolanatomie, B. variabiliteit binnen het
houtskooltype, C. gelijkenis tussen types, D. gelijkenis met referentiemateriaal) of ze zijn
gerelateerd aan fytosociologische kenmeken (E. fytosociologische verwantschap, F.
indicatorwaarde in fytosociologische zin). Criteria D and E zijn een weerspiegeling van de
paleoecologische interpretatiewaarde van het houtskooltype en een combinatie van beide
resulteerde in een betrouwbaarheidsclassificatiesysteem dat 6 klassen telt. Op die manier
is het mogelijk om de ‘sterke’ identificaties (betrouwbaarheidsklassen 1 en 2 = 71% van de
types) te onderscheiden van de ‘zwakke’ (betrouwbaarheidsklassen 3, 4, 5 and 6 = 29%
van de types). Als zwakkere identificaties buiten beschouwing gelaten worden, kunnen
fytosociologische interpretaties voor sommige houtskoolcollecties licht verschillen.
In het tweede luik van deze verhandeling worden de procedures voor
houtskoolidentificatie en -evaluatie toegepast op houtskoolcollecties uit de zuidelijke
Mayumbe. Dit illustreert hoe houtskoolonderzoek kan resulteren in betrouwbare
paleoklimatologische, bosbrand-, en vegetatiereconstructies. Verder bediscussieert
dit deel het ‘brandende’ vraagstuk betreffende de aard en de omvang van de
menselijke impact op laat-Holocene bosbrandregimes en veranderingen in
bossamenstelling.
Analyse van een houtskoolcollectie uit een archeologische site in de nabijheid van het dorp
Lukula in de meest zuidelijke uitloper van het Mayumbe bos (Bas-Congo, DRC), leverde 30
houtsoorten op die gebruikt waren als brandhout tussen 1.2 and 0.7 ka BP. Respondenten
uit dezelfde regio vermeldden 71 soorten die ze tegenwoordig verkiezen voor
houtskoolproductie. Zowel de archeologische als de moderne geregistreerde houtsoorten
komen voor in uiteenlopende bostypes zoals climax regenwoud, bossavanne, pionierbos en
andere secundaire bostypes in een vroeg stadium van de bossuccessie. Dit suggereert dat
mensen voor het verzamelen van brandhout geen specifieke voorkeur hadden en hebben
voor een bepaald bostype. Daarbovenop verschillen de moderne voorkeuren
(respondenten) van de oude (houtskoolcollectie). De soortensamenstelling van de Lukula
collectie is niet gekenmerkt door een dominantie van specifieke houtkwaliteiten zoals
densiteit, calorimetrische waarde en magische, religieuze of medicinale eigenschappen. De
collectie bestaat waarschijnlijk uit afval van verscheidene activiteiten die verschillende
specifieke brandstofkwaliteiten vereisen. De soortensamenstelling is dus weinig bepaald
door menselijke keuzes en is een goede weerspiegeling van de vegetatiecompositie in de
nabije omgeving van de site. Het landschap werd gedomineerd door een gefragmenteerde
bos-savannemozaïek die sterke gelijkenissen vertoonde met het huidige landschap. In
tegenstelling tot een overwegend menselijke oorzaak van de huidige bosfragmentatie was
de situatie rond 1 ka BP waarschijnlijk een erfenis van een goed gekende klimaatanomalie
tijdens het derde millennium BP, versterkt door de invloed van een meer recente anomalie
die samenviel met de Middeleeuwse klimaatanomalie (1.1 - 0.7 ka BP).
Twee anthracologische profielen die gegraven zijn in het hart van het Mayumbewoud
(Kisala Singa) leverden samen acht houtskoolcollecties op die elk overeenkomen met een
bosbrand tijdens een bepaalde periode gedurende de laatste 8 ka. De vijf profielen die
gegraven werden ter hoogte van de bosgrens (Lukula en Luki) leverden samen echter
slechts vijf houtskoolcollecties op die jonger zijn dan 2.3 ka BP. Toch wordt de bos-savanne
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ecotone verondersteld gevoeliger te zijn voor bosbrand dan het hart van het regenwoud.
Deze schijnbare discrepantie kan verklaard worden door verschillen in profielontwikkeling
tussen de verschillende onderzoekssites. Alle bosbranden die dateren uit het Holoceen
vonden plaats tijdens of net na drie welgekende klimaatanomalieën: het 8.2 ka incident, de
regenwoudcrisis tijdens het derde millennium BP en het Middeleeuws klimaatoptimum (1.1
- 0.7 ka BP). Deze periodes zijn geassocieerd met Bondcycli en significante pieken in
en brandbaarheid van vuurgevoelige openingen in het bos. Dergelijke klimaatanomalieën
lieten sterk gefragmenteerde landschappen achter waarin veel open plekken gevoelig
bleven voor droogte, waardoor ze regelmatig ontbrandden tijdens de periodes van
bosherstel die volgden op de verstoring. Bijgevolg wordt bosherstel tegengewerkt door
terugkerende bosbranden waardoor het een traag proces is dat tot 500 jaar kan aanslepen.
Twee van de 14 houtskoolcollecties zijn vermoedelijk overblijfselen van zwerflandbouw
aangezien ze vergezeld waren van verkoolde palmnoten en potscherven. Ongetwijfeld
versterkte de toenemende antropogene druk het destructieve effect van klimaatanomalieën
sinds het derde millennium BP, hoewel zowel bosbranden als menselijke migratiepatronen
beiden in eerste instantie bepaald werden door natuurlijke klimaatveranderingen.
In tegenstelling tot de bosgrens, waar climaxregenwoud lokaal moest inboeten voor
oprukkende pionierformaties, bleef het waarschijnlijk relatief intact in het hart van de
Mayumbe tijdens de vroeg- tot midden-Holocene klimatologische transitie, het daarop
volgende Holocene klimaatoptimum en de regenwoudcrisis tijdens het derde millennium
BP. Tenslotte was het boslandschap zowel in het hart als aan de grens van het
Mayumbewoud sterk gefragmenteerd na het Middeleeuws klimaatoptimum aangezien bijna
alle houtskoolcollecties uit die periode en de periode erna gedomineerd worden door
pioniersoorten, lianen en soorten die typisch zijn voor bossavanne.
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Exploring charcoal as a natural archive
for palaeofire and vegetation history
of the Mayumbe, Democratic Republic of the Congo
Short summary
Direct evidence for Central African vegetation history is primarily based on pollen analysis.
In addition, charcoal analysis has proven successful for palaeobotanical reconstructions in
moderate and arid regions. Yet in the tropics this discipline meets fundamental obstacles
inherent in species-richness and the lack of a systematic identification procedure.
Therefore, the first part of this PhD presents a transparent identification procedure for
Central African charcoal, based on large databases and well-defined wood-anatomical
characters. The procedure uses complementary imaging techniques and a methodology for
the evaluation of identification reliability. The validity of the protocol has been proven by the
mutual consistency of charcoal identification results and compatibility with vegetation
history based on pollen research.
In the second part of this PhD the charcoal identification and evaluation methodologies are
applied on charcoal fragments found in 7 soil profiles excavated in the southern Mayumbe
forest (Bas-Congo, DRCongo). Each soil profile yielded one or more charcoal
assemblages, each archiving a palaeofire. Radiocarbon dating showed that all recorded
palaeofires occurred during or shortly after one out of three well-known dry climate
anomalies: the 8.2 ka BP event, the third millennium BP rainforest crisis (3000-2000 cal yr
BP) and the Medieval Climate Anomaly (MCA, 1000 - 700 cal yr BP). During and after
these periods the rainforests were very sensitive to drought and fire, primarily around open
patches during the dry season. Charcoal identifications show that forests close to the
Central African rainforest boundary were locally replaced by savanna and open forest types
due to drought, whereas it remained relatively intact deeper in the heart of the rainforest.
Moreover, forest regeneration during recovery periods was hampered by recurring forest
fires, making it a very slow process. However, artefacts associated with some of the
charcoal assemblages show that forest fragmentation was not a direct result of climatic
drought only, but it was also reinforced by human disturbance, which started around the
third millennium BP but probably became important only during the last millennium.
Extended summary
Rainforests provide important ecosystem services on the local scale but also on the global
scale. They contribute substantially to global carbon stocks and plant biodiversity.
Nevertheless, rainforest resources are under constant pressure. Today, human pressure
results in major forest degradation. Consequently, the question arises how fast the forests
can recover from destruction. This is a key issue in scientific circles, but also on
international political fora. Rainforests became increasingly important concerning the
debates on global environmental changes. In order to understand the network of driving
forces and responses regarding global climate and vegetation change, a broader
perspective is needed, calling forward information on palaeoclimate and vegetation
changes. Direct evidence for Central African vegetation history is mostly derived from
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palaeolimnology (= analysis of lake sediments), including palynology (= pollen analysis).
Anthracology (= charcoal analysis) has proven worthwhile for palaeobotanical
reconstructions in temperate and arid regions. Yet many difficulties are met in the tropics
due to species-richness. As a result, charcoal analysis has hardly been applied for Central
Africa.
Therefore, PART I of this PhD presents a transparent identification procedure for
Central African ancient charcoal, using large databases and well-defined anatomical
characters and including a methodology for the evaluation of identification reliability.
The protocol is developed within an umbrella database of species names and metadata,
compiled from an on-line database of wood-anatomical descriptions (InsideWood), the
database of the world’s largest reference collection of Central African wood specimens
(RMCA, Tervuren, Belgium) and inventory and indicator species lists. It starts with an
anatomical query, focussing on genus rather than species level, proceeds with automatic
extension and reduction phases of the resulting species list and ends with a comparative
microscopic study of wood reference thin sections and charcoal anatomy. The protocol has
a large geographical applicability, as it can be optimised for every research area within
Central Africa. Moreover, as the reference collection and InsideWood databases are
growing on a regular basis, the power of the protocol is still increasing. Finally, anthracology
could confirm the presence of taxa which are underrepresented in pollen spectra and
specify the abundance of overrepresented taxa. The validity of the protocol has been
proven by the mutual consistency of charcoal identification results and compatibility with
vegetation history based on phytogeographical and palynological research. As such,
anthracology complements palynology and a combination of both can lead to stronger
palaeobotanical reconstructions.
Nevertheless, purely anatomical difficulties prove hard to solve. They can only be tackled
by using complementary imaging techniques. First, Reflected Light Microscopy (RLM) is a
fast and easy tool for grouping a large amount of charcoal fragments into charcoal types.
Secondly, high-throughput X-ray computed tomography (HT-µCT) and Scanning Electron
Microscopy (SEM) are relatively fast tools for detailed anatomical visualization and
description. Finally, X-ray computed tomography at very high resolution (nanoCT), is
essential for imaging ‘hidden’ anatomical features. Each of these complementary imaging
techniques contributes to optimal visualization of the charcoal anatomy and characterization
and evaluation of difficulties, which enables the wood anatomist to distinguish between
sound and ambiguous identifications. This strengthens palaeobotanical interpretation of
ancient charcoal assemblages, focusing on the strongest identifications.
More specifically, six identification reliability evaluation criteria have been defined and
applied on 84 identified charcoal types from the 14 charcoal assemblages discussed in this
PhD. The reliability evaluation criteria are anatomy-related (A. charcoal clarity, B. variability
within type, C. similarity between types, D. resemblance with reference material) or
phytosociology-related (E. phytosociological propinquity, F. indicator value in a
phytosociological sense). Criteria D and E are a reflection of the palaeobotanical
interpretation value of the charcoal type within the charcoal assemblage and they were
combined to develop a 6-class reliability rank. As such, it is possible to separate strong
identifications (e.g. reliability classes 1 and 2 = 71% of the types) from weaker ones (e.g.
reliability classes 3, 4, 5 and 6 = 29% of the types). If weaker identifications are omitted,
palaeoecological interpretation might be slightly different for certain charcoal assemblages.
ix
The charcoal identification and evaluation methodology are applied on charcoal from
the southern Mayumbe forest in PART II of this PhD. This illustrates how
anthracology can result in reliable vegetation reconstructions and contribute to
palaeobotanical, palaeoclimate and palaeofire history. Furthermore, this part
discusses the ‘burning’ question considering the significance of human impact on
late Holocene palaeofire regimes and vegetation change.
Analysis of charcoal from an archaeological assemblage near the Lukula community
located at the southernmost boundary of the Mayumbe forest (Bas-Congo, DRC) yielded 30
species used as fuelwood between 1.2 and 0.7 ka BP. Respondents from the same region
mentioned 71 preferred species for modern charcoal production. All recorded ancient and
modern species belong to mature rainforest, pioneer forest, regenerating forest or
woodland savanna. This indicates that the people did not and do not prefer a certain forest
type for fuelwood gathering. Modern fuelwood preferences do not agree with the Lukula
composition. No particular wood qualities such as wood density, calorimetric value or
magical or medicinal values seem to dominate the assemblage which was probably
composed of refuses from various activities requiring different specific fuelwood
characteristics. As such, the species composition is not biased by human choices,
suggesting that it might reflect the surrounding environment which was likely a fragmented
forest-savanna mosaic similar to the current situation. Unlike an anthropogenic origin of
present-day fragmentation, the situation around 1 ka BP was likely a legacy of the third
millennium BP rainforest crisis, augmented with the advent of a more recent climate
anomaly coinciding with the Medieval Climate Anomaly (1.1 - 0.7 ka BP).
Two pedoanthracological profiles excavated in the heart of the Mayumbe forest (Kisala
Singa) together yielded eight charcoal assemblages (~palaeofires) formed during the last 8
ka, whereas the five profiles excavated at the forest edge (Lukula and Luki) together only
yielded five Holocene assemblages younger than 2.3 ka. Yet, the forest boundary is
expected to be more sensitive to palaeofire occurrence. This apparent discrepancy could
be explained by differences in profile development processes. All recorded Holocene
palaeofires occurred during or shortly after three well-known climate anomalies: the 8.2 ka
BP event, the third millennium BP rainforest crisis and the Medieval Climate Anomaly
differences in sea surface temperatures near the Congo River mouth and the subtropics.
anomalies left behind severely fragmented forest structures with many open patches that
remained fire-prone and occasionally burned during the regeneration period following the
anomalies. As such, rainforest regeneration is seriously hampered by fire, making it a very
slow process which can take up to 500 years.
Two out of 14 charcoal assemblages were associated with palm endocarps and pot sherds,
indicating that they were shifting cultivation remains. Undoubtedly, anthropogenic pressure
amplified the effect of climate anomalies since the third millennium BP, although human
migrations and palaeofire regimes were both forced by natural palaeoclimate change.
Mature rainforest persisted in the heart of the Mayumbe through the Early to Mid-Holocene
climatic transition, the subsequent Holocene Thermal Optimum and the third millennium BP
rainforest crisis. In contrast, mature rainforest was locally replaced by pioneer formations at
the forest edge. After the MCA, forests were heavily fragmented in both the heart and the
edge of the Mayumbe forest, as indicated by the dominance of savanna woodland, liana
and pioneer taxa in most younger charcoal assemblages.
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1.1 Rationale
Rainforests are sometimes thought of as never changing hotspots of biodiversity. The
image of ancient virgin forests creates an idea of a monumental heritage that is ever lost
when destroyed. Aspects of this paradigm lean towards the truth. Yet, one might ask the
question how ‘virgin’ our virgin forests really are (Willis et al., 2004). Tropical rainforest in its
broadest definition is not immutable. It is actually a patchwork of different vegetation types,
resulting from important (pre)historical disturbances such as natural (climatic) events and
human activity. The refuge theory postulates that forest totally disappeared from certain
regions, even in the tropics, due to past severe climate deterioration particularly during
glacial periods, whereas other forests (refuges) were not or at least little affected. As
Pleistocene rainforest refuges remained largely ‘untouched’ by subsequent palaeoclimate
anomalies, they are among the most species-rich ecosystems on Earth and deserve
considerable conservation management (White, 1981; CBD, 1992; Küper et al., 2004;
Riemann & Ezcurra, 2005; Tchouto et al., 2009).
Rainforests provide important ecosystem services on the local scale but also on the global
scale. Indeed, the rainforest contributes substantially to global carbon stocks (e.g. Lewis et
al., 2009) and biodiversity (e.g. Parmentier et al., 2007). Nevertheless, its resources are
under constant pressure. Today, human pressure results in major forest degradation and
the proliferation of secondary forests typically dominated by heliophilous trees.
Consequently, the question arises how fast the forests can recover from destruction. This is
a key issue in scientific circles, but also on international political fora. Rainforests became
increasingly important concerning the debates on global environmental changes. In order to
understand the network of driving forces and responses regarding global climate and
vegetation change, a broader perspective is needed, calling forward information on
palaeoclimate and vegetation changes (e.g. Willis & Birks, 2006).
Vegetation history is remarkably well archived. Growth history of trees is reflected in their
architecture and traces of vegetation history can be inferred from current forest
compositions. Yet the best archives of past vegetation responses on palaeoclimate change
and possible vegetation resilience are undoubtedly fossil plant remains. Examples are
pollen that are preserved in lake sediments or charcoal fragments that persist in soil layers.
Specifically, this PhD focuses on charcoal assemblages as very useful but yet
unexplored archives of palaeofire regimes and vegetation change in Central Africa.
The work addresses the questions of how resistant rainforests are against climate
deterioration and how long forest regeneration takes after natural disturbance or
combined natural and anthropogenic disturbance.
Introduction and outline
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1.2 Palaeoclimate and vegetation change
1.2.1 General refuge theory
The last 800 ka (mid- and late Pleistocene and Holocene) were characterised by cycles of
consecutive glaciations and interglaciations in the northern hemisphere (e.g. Start & Prell,
1984; Ruddiman, 2007; Maley, 1996). Severe climate anomalies caused temporary faunal
and floral distribution shifts. Forests retreated into so-called refuges where a convenient
climate was maintained. During northern hemisphere cold spells, glaciers advanced and
temperate broadleaf forests were replaced by tundra and taiga. Yet temperate broadleaf
forests survived in three distinctly separated zones that have been relatively well defined for
Europe: the Iberian and Italian peninsulas and the Balkans (Petit et al., 2002; Willis &
Andel, 2004). When climate returned to warmer conditions, broadleaf forests expanded
again. Holocene recolonisation routes have been reconstructed using pollen analysis and
chloroplast DNA analysis of European white oak (Quercus spp.) (Petit et al., 2002).
Northern Hemisphere cold spells are also linked to changing conditions on lower latitudes,
mostly characterised by increasing aridity (Maley & Brenac, 1998; Mayewski et al., 2004;
Gasse et al., 2008; Wanner et al., 2011). Climate history of the Amazon basin is generally
well-known and mostly similar to that of Central Africa (e.g. Scheel-Ybert, 2000, 2001;
Maley, 2001; Gouveia et al., 2002; Van der Hammen & Hooghiemstra, 2003; Marchant &
Hooghiemstra, 2004; Vélez et al., 2005; Irion et al., 2006). During glacial periods, the
landscapes on both the African and South-American continents were largely dominated by
savanna vegetation types due to a cooler and drier climate. This savanna matrix encircled
forest relicts which could only survive in regions where higher temperature and moisture
levels were maintained due to specific geographical situations (White, 1993, 2001; Maley,
1996, 2004; Maley & Brenac, 1998; Leal, 2004; Weldeab et al., 2007; Tchouto et al., 2009).
Indeed, the African and South American tropical basins bear remarkable geographical
resemblances (e.g. White, 1993; Maley, 1996, 2004; Gouveia et al., 2002; Van der
Hammen & Hooghiemstra, 2003; Leal, 2004; Senterre, 2005; Tchouto et al., 2009). The
Albertine highland rift cuts through the African continent as the Andes do in South America.
Furthermore, both forest complexes encircle several small isolated (sub)montane patches
such as the plateau of Guyana in Venezuela and the (sub)montane ridges in the Lower
Guinea, which covers the rainforest zone between the Atlantic Ocean and the swamps of
the Congo and Ubangi Rivers. Also, both continents are fed by a great river: the Amazon
and the Congo River, respectively. As such, three types of forest refuge areas could be
identified: littoral refuges are conditioned by humid marine influence, (sub)montane refuges
by orographic precipitation and fluvial refuges by hydromorphic soils (Sosef, 1996; Maley,
1996, 2004; Leal, 2001, 2004). During relatively warm and humid interglaciation phases,
forests expanded again from these refuge areas and contact zones between previously
isolated forest patches were established. Analogous to recolonisation patterns of European
oak, evidence has been found for transgressions of species between the Lower Guinean
(sub)montane refuges and the eastern Central African Rift complex. Migration routes
probably run through the swamps of the Congo Basin, which are thought to have served as
fluvial refuges (Senterre, 2005).
The African refuge theory is generally accepted although there is still some debate about
the exact location of the refuges (e.g. Sosef, 1996; Maley, 2001; Leal, 2001; Tchouto et al.,
2009). Pleistocene refuges have been roughly mapped based on biogeographical (Van
Rompaey, 1993, 1994), fytogeographical (Sosef, 1996; Senterre, 2005), zoogeographical
(Colyn, 1987, 1991) and palynological (Maley, 1996) evidence (Figure 1.1; Maley, 1996).
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Additionally, the image of the forest refuges as large and inert blocks has been refined by
studies on distribution and endemism patterns of forest plants with ballistic seed dispersal
types, which are unable to spread rapidly from rainforest refuges after periods of forest
regression. These old-growth rainforest indicators are small herbaceous plants (e.g.
Begoniaceae; Sosef, 1996; Plana et al., 2004) or large emergent trees (e.g.
Caesalpinioideae; Leal, 2001, 2004). In fact, forest refuges were probably fragmented
environments composed of so-called microrefuges in between larger blocks (Leal, 2001).
Rainforests retreat into refuges during glacial periods (Sosef, 1996; Maley, 1996; Plana et
al., 2004; Leal, 2004). Quaternary glaciation-interglaciation cyclicity is driven by
Milankovitch cycles. These are variations of orbital parameters that cause temporary shifts
in the amount and latitudinal distribution of solar radiation (Hays et al., 1976; Imbrie &
Imbrie, 1980). Milankovitch cycles have periodicities of more than 20 ka. Yet, smaller scale
quasi-periodic variations within glacial and interglacial periods have also been detected
(Dansgaard et al., 1993; Bond et al., 1997, 2001). Climatic variations during the current
interglaciation (the Holocene) are particularly interesting because they forged the climate
and vegetation composition of today. Although forest regression was not as severe as
during the last glacial maximum, several palaeorecords provide evidence for an increased
extent of savannas since the third millennium BP (e.g. Maley & Brenac, 1998; Maley, 1996,
2002, 2004). Contemporary forest-savanna mosaics are thought to be a legacy of this
relatively recent forest disturbance (e.g. Ngomanda et al., 2007). Figure 1.1 shows the
hypothetical extent of rainforest at the end of the third millennium BP (Maley, 2004), against
a background of contemporary forest area (White, 1983; Mayaux et al., 1997).
1.2.2 Holocene Central African climate variability
Many palaeorecords are confined to the Holocene, making it the epoch with the highest
potential for climate and vegetation reconstruction. As such, our knowledge of the driving
forces and responses that characterized the Holocene supports the debate on
contemporary climate change and the prediction of future responses (Willis & Birks, 2006;
Willis et al., 2010). The Holocene is known as a period of generally warmer climate
following the cold Würm glaciation. Yet, Holocene climate has not always been stable and
favourable. It was characterized by relatively low-amplitude recurring variations with a
cyclicity of around 1500 years (Bond et al., 1997). Moreover, a close correlation between
production rates of cosmogenic nuclides and centennial to millennial time-scale changes in
proxies of drift ice measured in deep-sea sediment cores showed that these so-called Bond
cycles were probably driven by variations in solar output (Bond et al., 2001). Also, decadal
scale climatic fluctuations in East Africa during the last 1100 years were related to sunspot
minima (Verschuren et al., 2000).
The last period in which the African rainforest retreated into refuges was during the dry last
glacial maximum (late Pleistocene), with maximum forest reduction between 20 and 15 ka
BP (Figure 1.1; Dechamps, 1988; Maley, 1996; Maley & Brenac, 1998; Oslisly, 2001). A
subsequent deglacial warming restored wet conditions and the forest expanded during the
end of the Pleistocene and the early- to mid-Holocene. Two short cold relapses known as
the Younger Dryas and the 8.2 ka BP event caused temporary setbacks. Yet the forest area
reached its maximum extent between 8 and 4 ka BP, which was the warmest and most
stable period on a global scale during the Holocene. So far, no evidence has been found for
Central African rainforest deterioration during global climate anomalies that fell within that
period, such as Bond events 3 and 4 (Bond et al., 1997).
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Figure 1.1 A. contemporary forest area (light grey shade; White, 1983; Mayaux et al., 1997), forest area
at the end of the third millennium BP (intermediate grey shade; Maley, 2004), rainforest area during the
last glacial maximum, 20-15 ka BP (dark grey shade; Maley, 1996) (RCA = Central African Republic,
RoC = Republic of Congo). B. the fragmented southern Mayumbe forest, with indication of the
sampling sites (seven profiles). The Luki profiles are discussed in chapter 5, the Kisala Singa profiles
in chapter 6 and the Lukula profile in chapter 7. C. The zonation pattern of the Luki reserve: light grey
= integrally protected central zone, dark grey = transition zone, intermediate grey = buffer zone
(especially plantations), numbered zones to the left are forestry experiments (UH = Uniformisation par
le Haut, see Donis, 1948). RoC = Republic of Congo; DRC = Democratic Republic of Congo
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Subsequently, the period between 4 and 2.5 ka BP was again characterized by forest
destruction. Sea surface temperatures dropped abruptly which resulted in a more arid
climate in Central Africa (Maley & Brenac, 1998; Maley, 2004; Ngomanda et al., 2009a,
2009b). This event had an impact only on the boundaries of the Central African rainforest
complex. Forest disappeared from the so-called ‘Dahomey gap’ in Togo and Benin
(Salzmann & Hoelzmann, 2005). To the south, the Niari savannas in the Republic of Congo
(= RoC) and the Bas-Congo province of the Democratic Republic of Congo (= DRC) gained
ground on the forest. Aridity culminated between 2.8 and 2.5 ka BP, when sea surface
temperatures were at their minimum (Ngomanda et al., 2009b). Vincens et al. (1998) and
Elenga et al. (2004) report a complete drying up of Lake Sinnda during this period.
Furthermore, hyperarid conditions in the southern Sahara forced human communities into a
more mobile way of life (Ngomanda et al., 2009b). Van Geel et al. (1998) mention reduced
solar activity and the related increase in cosmic rays as a driving force for climate change
during this period.
Yet a more dramatic phase of forest destruction, affecting also the centre of the African
rainforest complex, occurred between 2.5 and 2 ka BP (Maley & Brenac, 1998; Maley,
2004; Elenga et al., 2004; Ngomanda et al., 2009a, 2009b; Neumann et al, 2012a, 2012b).
Sea surface temperatures rose abruptly, resulting in a generally warmer and wetter climate
(Weldeab et al., 2007; Ngomanda et al., 2009b). Specifically, the wet season was
characterised by the formation of large cumuliform clouds and the occurrence of
catastrophic rains. A parallel strengthening of the harmattan and a subsequent southward
move of the Intertropical Convergence Zone (=ITCZ) caused a very pronounced and long
dry season (Elenga et al., 2004; Ngomanda et al, 2009b; Neumann et al, 2012a, 2012b).
The combination of a strong dry season and a short but violent wet season caused the
rainforest to collapse severely. Maley (2004) presented a map of the hypothetical remaining
forest area (Figure 1.1). This map clearly shows the presence of a ‘savanna corridor’ from
Cameroon down to Angola, which would have favoured the southward migration of Bantu-
speaking farmers (Maley, 2004; Neumann et al., 2012a, 2012b). Analogous to the
Pleistocene forest refuges, the remaining forest area was probably not homogeneously
closed but rather a fragmented ‘forest-savanna mosaic’ (e.g. Schwartz et al., 1990; Maley,
2004; Ngomanda et al., 2009a). Maximum forest destruction would have been severe but
very short. Grasslands were quickly recovered by pioneer and secondary forests and
woodlands.
After 2 ka BP, wetter and more stable conditions returned and the forest expanded again.
However, forest recovery is a very slow process, in contrast to the abruptness of forest
destruction (e.g. Vincens et al., 1998; Elenga et al., 2004). Indeed, pollen analysis has
shown that the extent of savannas is still higher than before the third millennium BP
rainforest crisis. Also, decadal-scale climatic fluctuations during the last 1000 years caused
small but significant vegetation responses. Specifically, the Medieval Climate Anomaly (1.1
- 0.7 ka BP) was characterised by a generally drier climate in the tropics (Verschuren et al.,
2000; Mayewski et al., 2004; Verschuren & Charman, 2008). Ngomanda et al. (2007) found
evidence for fluctuating wet-dry conditions during the MCA in Gabon. Also, the subsequent
Little Ice Age (0.6 - 0.2 ka BP) was characterized by a distinctly drier climate in the Lower
Guinea, perhaps due to a more southward position of the ITCZ (Lane et al., 2011;
Ngomanda et al., 2007; Russell & Johnson, 2007). However, Verschuren et al. (2000)
report a generally wetter climate in East Africa, which illustrates the differences between
West and East African monsoon mechanisms (Russell & Johnson, 2007; for a synthesis:
Verschuren & Charman, 2008).
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1.3 Objectives
Direct evidence or palaeo- evidence for Central African vegetation change and palaeofire
regimes is mostly based on palaeolimnological research, including pollen analysis and
quantification of microcharcoal particles. Palaeolimnology depends on the availability of
stratified lakes or swamps. Moreover, pollen and microcharcoal particles are easily
transported by wind for long distances, which generates an integrated view of the
surroundings of the study site, but does not provide spatial detail (Elenga et al., 2000;
Lebamba et al., 2009). As such, little is known about the impact of climate deterioration and
especially the impact of palaeofires on the local scale. Specifically, forests at the
boundaries of the rainforest complex are expected to be very sensitive and perhaps they
even completely disappeared during the most severe anomalies such as the third
millennium BP crisis (Maley, 2002). However, direct evidence for this hypothesis can only
be provided using spatially precise proxies such as the abundance and species composition
of soil macrocharcoal assemblages.
Macrocharcoal fragments are not windblown and they can be found in any soil type, where
they reflect in situ vegetation composition and palaeofire regimes. Charcoal is defined by
Forbes et al. (2006) as the blackened plant-derived material that has been significantly
altered, chemically and structurally, through heating via fire. Charcoal has significant
palaeobotanical and archaeological value because many anatomical features remain
preserved during the charcoalification process. It is a chemically inert material and persists
in soil profiles for thousands of years (Cope & Chaloner, 1980; Skjemstad et al., 1996; Bird
& Gröcke, 1997; Forbes et al., 2006).
Anthracology is the study of ancient charcoal fragments. Charcoal can be found either in
archaeological layers (archaeoanthracology) or in soil layers in natural environments
(pedoanthracology). Charcoal is usually found as assemblages of several intimately mixed
fragments that originate from one or more species presumably burned during the same fire
event (= palaeofire). In stratified soil profiles, assemblages can be distinctly separated by
(nearly) charcoal-free soil layers. Charcoal analysis includes radiocarbon dating of one or
more charcoal fragments per assemblage and identification of all species. Despite its
compatibility with palaeolimnology and its undeniable archaeological and palaeobotanical
possibilities, anthracology has only sporadically been applied in Central Africa due to
problems that are closely connected to species-rich biomes. The most pertinent problems
are taxonomical synonymy, difficulties inherent in wood anatomy such as intraspecific
similarity and interspecific variability and the lack of comprehensive digitised databases
covering anatomical features and species metadata such as species ecology and
distribution pattern. Yet these problems can presently be taken care of thanks to the
development of on-line databases and state-of-the-art imaging techniques.
As such, the first objective of this PhD is to develop a systematic and transparent
procedure for Central African charcoal identification by combining databases and
using compatible imaging techniques (PART I). A second objective is to contribute
significantly to Central African vegetation history by applying the protocol on several
charcoal assemblages from a forest region that is expected to be sensitive to climate
change (PART II).
Within the Central African rainforest complex, forest boundaries are particularly expected to
be very sensitive to aridification, increased seasonality, forest fragmentation and fires (e.g.
Maley, 2002; Di Pasquale et al., 2008; Ngomanda et al., 2007, 2009a, 2009b). Specifically,
the Mayumbe hills contain the southernmost part of the Lower Guinean forest complex.
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They are covered with semi-deciduous rainforest and they were probably part of a
submontane forest refuge during climate anomalies (Sosef, 1996; Maley, 1996), although it
is not clear to what extent forest could survive. The forest is nowadays heavily fragmented
due to a combination of past climate change and intense anthropogenic activities during the
last centuries. As such, soil charcoal assemblages are expected to be present and reflect
past changes in vegetation composition, especially near the boundary of the Mayumbe
forest.
The study area for this PhD is situated in the Bas-Congo province of the Democratic
Republic of Congo (Figure 1.1), covering the southernmost parts of the Mayumbe hills. In
order to find soil charcoal archives, pedoanthracological profiles are excavated in
undisturbed forest relicts and in archaeological sites. Specifically, charcoal fragments have
been sampled in seven profiles excavated on a transect ranging from a forest relict on the
southernmost boundary of the Mayumbe forest (Luki reserve, profiles CZ1, CZ2, CZ3,
UH48), across the fragmented anthropogenic landscape characterizing the Lukula
community (Lukula profile) and ending in the relatively undisturbed closed-canopy forest
near the Kisala-Singa village in the north of the Bas-Congo (DRC), near the boundary with
Cabinda (profiles KS8 and KS9).
1.4 Outline
PART I of this PhD presents a newly developed transparent identification procedure
for Central African ancient charcoal, including a methodology for the evaluation of
identification reliability.
Chapter 2 presents the development of a transparent and scientifically sound charcoal
identification protocol taking into account a large number of Central African woody species.
To do so, an umbrella database (Woody Species Database, WSD) was compiled from (1)
the InsideWood database, (2) the digitized reference collection database of the xylarium of
the RMCA (Royal Museum for Central Africa, Tervuren, Belgium) and (3) indicator species
lists. In order to optimize the protocol for the study area, (4) species from inventory lists
were added. As such, this identification protocol takes care of the problems of taxonomical
synonymy and the need for comprehensive species metadata focusing on species ecology,
morphology and distribution pattern. The protocol was validated and evaluated by applying
it on a charcoal assemblage from the Luki reserve.
Chapter 3 focuses on purely anatomical difficulties typically impeding both wood and
charcoal identification. This chapter illustrates the use of different imaging techniques (RLM,
SEM, HT-µCT, nanoCT) for charcoal visualization and how each of them contributes to a
better understanding of the anatomical difficulties when identifying ancient charcoal remains
from species-rich biomes. State-of-the-art visualization leads to a clear characterization and
evaluation of these difficulties, allowing the wood anatomist to distinguish between
successful and less successful charcoal identifications.
Chapter 4 presents a method to assess different aspects of identification reliability. First,
the four purely anatomical difficulties illustrated in chapter 3 are translated into four
anatomy-related evaluation criteria. Secondly, two ecology-related reliability evaluation
criteria are presented. Finally, one of the anatomy-related and one of the ecology-related
criteria are used to assign each charcoal type to a final reliability rank. Based on this rank,
strong identifications are separated from the weaker ones. This chapter presents
identification reliability for all charcoal types used for palaeobotanical reconstructions in
PART II.
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In PART II the charcoal identification and evaluation methodology are applied to
charcoal assemblages from the southern Mayumbe forest. It illustrates how
anthracology can result in reliable vegetation reconstructions and contribute to
palaeobotanical, palaeoclimate and palaeofire history of the Mayumbe forest.
Furthermore, this part discusses the ‘burning’ question considering the significance
of human impact on late Holocene palaeofire regimes and vegetation change.
Chapter 5 presents a reconstruction of palaeofire regimes and vegetation history of the
Luki reserve (Figure 1.1, profiles CZ1, CZ2, CZ3, UH48), spanning the last 2500 years. This
chapter also focuses on the impact of soil dynamics (bioturbation and colluvial deposition)
on charcoal repartition within soil profiles.
Chapter 6 presents a reconstruction of an archaeological assemblage near the village of
Lukula (Figure 1.1), which yielded evidence for the presence of an iron smelting community
between 1200 and 700 cal yr BP. In order to identify possible fuelwood preferences, the
identified species were characterized in terms of magical and religious values, wood density
and calorimetric value. The assemblage was probably composed of refuses from various
activities such as heating, cooking and iron smelting. This broad range of activities requires
a broad range of wood qualities, which suggests that the charcoal composition might reflect
the surrounding environment. As such, the assemblage was also used to interpret past
vegetation composition and possible indications for past forest fragmentation.
Chapter 7 presents a reconstruction of palaeofire regimes and vegetation history of the
Kisala Singa forest (Figure 1.1, profiles KS8 and KS9), spanning the last 8200 years. The
reconstructions are compared to those of the Luki reserve and to palynological
reconstructions of vegetation and climate change in the Lower Guinea. Palaeofire regimes
and vegetation change are discussed within a broader perspective regarding Sea Surface
Temperatures of the Atlantic Ocean and Holocene climate cyclicity on a global scale.
APPENDIX 1 presents a manual for the identification protocol, using an example charcoal
type. An excel version of the protocol can be found on the DVD accompanying the PhD
(IDENTIFICATION PROTOCOL.xlsx). Additionally, the DVD contains a video presenting a
screen record of an example of how an identification can be performed using the
identification protocol (IDENTIFICATION EXAMPLE.avi).
APPENDIX 2 provides a unique ID card for each of the 84 charcoal types. This ID card
presents a coded (IAWA, 1989) and a narrative description of the charcoal type anatomy,
possible anatomy-related difficulties (cfr. chapter 3 and chapter 4), probability ranks of the
retained species (anatomy rank and distribution rank), ecology, morphology and distribution
of the retained species and a general conclusion concerning identification reliability. ID
cards also present SEM and HT-µCT images of the charcoal type and transmitted light
images of a thin section from the reference collection of the RMCA.
1.5 Study area
1.5.1 The southern Mayumbe
The Mayumbe chain ranges from south-west Gabon over Congo Brazzaville and Cabinda
down to the Bas-Congo (DRC), along the Atlantic coastline (Figure 1.1). The southernmost
hills are between 500 m and 600 m high. The Mayumbe is characterized by a humid tropical
climate with a long dry season of five months between mid-May and mid-October. In
addition, there is a short dry season from mid-December to mid-February. Yearly
precipitation ranges from 649 mm to 1853 mm with a mean precipitation of 1173 mm.
Temperatures range between 19 °C and 30 °C with a mean temperature of 25.5 °C (Mbizi,
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1972; Mukendi, 1973). Monthly average temperatures are stable during the wet season and
drop slightly during the dry season.
The strong oceanic influence, together with the relief of the region creates favourable
conditions for the establishment of dense semi-deciduous rainforest on this relatively low
latitude (Donis, 1948; Couralet et al., 2010). During the dry seasons, the cold Benguela Sea
Current moves to the north, affecting the Congolese shores. Cold air from the Atlantic
Ocean forces warm air from the continent to rise. The rising warm air eventually becomes
saturated, resulting in the formation of low-level but non-precipitating stratiform clouds,
blocking solar irradiance and decreasing temperatures and evapotranspiration. As such, the
relatively low rainfall is partially compensated and a high relative air humidity can be
maintained (>80%).
The Mayumbe forest belongs to the semi-evergreen subequatorial and Guinean forests
(Lebrun & Gilbert, 1954). It is characterized by deciduous and evergreen species in the
upper stratum and mostly evergreen species in the understorey (Donis, 1948; Couralet et
al., 2010). Caesalpinioideae (e.g. Prioria spp. and Scorodophleus zenkeri) are among the
most important indicator species for this forest type, although they are less abundant than in
the evergreen Atlantic Biafran forest zone. Other indicator species belong to the families of
Ulmaceae (e.g. Celtis spp.), Sterculiaceae (e.g. Cola spp.) and Meliaceae (e.g.
Entandrophragma spp. and Guarea spp.) (Lebrun & Gilbert, 1954; Maley & Brenac, 1998).
Donis (1948) notices Staudtia stipitata and Coelocaryon spp. (both Myristicaceae) as the
most remarkable species in old climax forest (locally known as saka). Furthermore, Donis
(1948) mentions the occurrence of edaphic rainforest types such as monodominant Prioria
balsamiferum stands on sandy soils.
Also, the semi-evergreen mature rainforest encloses younger forest stands (locally known
as situ or divutu) which can be relatively widespread. Specifically, Schwartz et al. (1990)
mention the occurrence of Marantaceae open forests and Donis (1948) describes savanna
types dominated by Xylopia aethiopica and secondary forest dominated by the pioneer tree
species Terminalia superba, which is especially abundant in and around the Luki reserve.
Most of these younger forest stands are assumed to be of anthropogenic origin, although
some might be relicts of palaeoclimatically induced vegetation shifts (Schwartz et al., 1990;
Maley & Brenac, 1998). The adjacent wooded grasslands lying in the rainshadow of the
Mayumbe hills are characterised by species such as Psorospermum febrifugum, Bridelia
ferruginea, Strychnos spp. and Annona spp. (Vincens et al., 1998).
1.5.2 The Luki reserve
The Luki reserve is located in the Bas-Congo on the southernmost edge of the Mayumbe
between 05° 30’ S and 05° 45’ S and 13°07’ E and 13°15' E (Figure 1.1). It has been
installed in 1937 by the colonial government of Belgian Congo as an important agricultural
and sylvicultural research area (Humblet, 1946; Donis, 1948; Mbizi, 1972; Mukendi, 1973).
At that time, the high exploitation rate of West-Central African forests including the
Mayumbe became a major concern. Therefore, large agroforestry plantations were set up in
and around the Luki reserve, combining mostly limba (Terminalia superba Engl. & Diels)
and banana (Musa spp.). After Congolese independence in 1960, scientific research
narrowed down significantly. Within the framework of the ‘Man and Biosphere’ (MAB)
programme of UNESCO, the management of the Luki reserve was partly transferred to
MAB Congo in 1979. This implied the tripartite zonation typical for MAB reserves, with an
integrally protected central zone surrounded by a transition and a buffer zone, respectively.
However, its position in between important roads and in particular near the crossroads of
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the main axis Matadi-Boma and Boma-Tshela, makes the reserve easily accessible and
therefore extremely vulnerable to pressure by the local population and logging companies.
Therefore, the World Wide Fund for Nature (WWF) included Luki in its Gestion Durable des
Forêts (GDF) project and stimulates scientific interest which has recently been renewed
(Pendje, 1993; De Ridder et al., 2010; Couralet et al., 2010; Hubau et al., 2012, accepted).
Within this framework, a local field laboratory has been installed by the Royal Museum for
Central Africa with the logistic aid of WWF. As such, the Luki reserve serves as a perfect
base for scientific research in the Mayumbe.
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Charcoal identification in species-rich biomes: a protocol for
Central Africa optimised for the Mayumbe forest
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Abstract
Direct evidence for Central African vegetation history is mostly derived from palynology and
palaeolimnology. Although anthracology has proven worthwhile for palaeovegetation
reconstructions in temperate regions and South America, charcoal analysis has hardly been
applied for Central Africa. Moreover, a transparent charcoal identification procedure using
large databases and well defined characters has never been developed. Therefore, we
present a Central African charcoal identification protocol within an umbrella database of
species names and metadata, compiled from an on-line database of wood-anatomical
descriptions (InsideWood), the database of the world’s largest reference collection of
Central African wood specimens (RMCA, Tervuren, Belgium) and inventory and indicator
species lists. The 2909 Central African woody species covered by this database represent a
large fraction of the total woody species richness of Central Africa. The database enables a
directed search taking into account metadata on (1) anatomical features, (2) availability of
thin sections within the reference collection, (3) species distribution and (4) synonymy. The
protocol starts with an anatomical query within this database, focussing on genus rather
than species level, proceeds with automatic extension and reduction phases of the resulting
species list and ends with a comparative microscopic study of wood reference thin sections
and charcoal anatomy. In total, 76.2% of the Central African species in the database are
taken into consideration, focussing on indicator and inventory species. The protocol has a
large geographical applicability, as it can be optimised for every research area within
Central Africa. Specifically, the protocol has been optimised for the Mayumbe region and
applied to radiocarbon dated (2308-1872 cal yr BP) charcoal collections from a
pedoanthracological excavation. The validity of the protocol has been proven by the mutual
consistency of charcoal identification results and the consistency of these identification
results with vegetation history based on phytogeographical and palynological research
within and around the Mayumbe. As such, anthracology complements palynology and a
combination of both can lead to stronger palaeobotanical reconstructions.
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2.1 Introduction
African vegetation history is not yet fully understood. Indirect evidence is mostly based on
phytogeographic and palaeolimnological research (Sosef, 1996; Verschuren et al., 2000;
Leal, 2004; Russell et al., 2009; Tchouto et al., 2009). Direct evidence is mostly based on
palynological research (Maley, 1996, 2004; Ngomanda et al., 2009; Hessler et al., 2010)
while charcoal analysis has only sporadically been applied (Dechamps et al., 1988;
Schwartz et al., 1990; Hart et al., 1996). Yet, soil macrocharcoal analysis
(pedoanthracology) is spatially more precise than palynology because pollen are easily
transported by wind over a long distance (Clark, 1988; Scott & Glasspool, 2007; Di
Pasquale et al., 2008). Moreover, pollen types are rarely identifiable down to species level,
which complicates interpretation of the results. Finally, species can be underrepresented
(entomophilous taxa) or overrepresented (anemophilous taxa) in pollen diagrams (Elenga et
al., 2000; Lebamba et al., 2009).
Charcoal is a chemically nearly inert material and extremely slowly affected by chemical
weathering, thus remaining in soil profiles for a long period (Cope & Chaloner, 1980;
Skjemstad et al., 1996; Forbes et al., 2006; Scott & Glasspool, 2007). Charcoal is especially
valuable for palaeobotany and archaeology due to preservation of the anatomical structure
during the charcoalification process. Thereby, it is feasible to identify charcoal using the
same anatomical features as wood (Figueiral & Mosbrugger, 2000; Scheel-Ybert, 2000; Di
Pasquale et al., 2008). Yet, absolute measurements have to be interpreted with caution as
some features (e.g. vessel diameter) can change significantly due to heat shrinkage (Prior
& Gasson, 1993; Braadbaart & Poole, 2008). Microscopic features for hardwood
identification are thoroughly described and numbered by a Committee of the International
Association of Wood Anatomists (IAWA Committee, 1989). Furthermore, the on-line search
database ‘InsideWood’ archives photo-micrographs and wood anatomical descriptions
applying these internationally accepted numbered features (InsideWood, 2011; Wheeler,
2011).
The most important challenge for Central African charcoal identification is coping with the
extreme diversity of woody species. The species-richness in tropical regions such as
Central Africa contrasts significantly with the relatively poor species diversity in temperate
regions such as Europe or arid regions such as North Africa, where anthracology has been
developed and applied regularly (Figueiral & Mosbrugger, 2000; FAO, 2005; Mutke &
Barthlott, 2005; Höhn & Neumann, 2011). The few attempts for Central African
pedoanthracology were based on personal expertise that did not make use of formal
protocols, well defined characters and large wood anatomical databases (Dechamps et al.,
1988; Schwartz et al., 1990; Hart et al., 1996). An identification protocol as used by Höhn &
Neumann (2011) for the Sahara and the Sahel region and by Scheel-Ybert et al. (1998) for
South America has never been developed for Central Africa to the knowledge of the
authors. Even though, a substantial amount of information on wood anatomy, species
ecology and species distribution is already digitized and available online, but on various
websites that are not always linked (African Plants Database, 2011; InsideWood, 2011;
Tervuren Xylarium Wood Database, 2011).
Therefore, the main objective of this chapter is the development of a transparent and
scientifically sound charcoal identification protocol taking into account a large number of
Central African woody species. To do so, the authors compiled an umbrella database
(Woody Species Database, WSD) composed of (1) the InsideWood database, (2) the
digitized reference collection database of the xylarium of the RMCA (Royal Museum for
Central Africa, Tervuren, Belgium) and (3) indicator species lists (Lebrun & Gilbert, 1954;
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Leal, 2004). In order to optimize the protocol for the study area, (4) species from inventory
lists were added to the database. The protocol starts with a directed anatomical search in
the WSD and ends with a comparative microscopic study of thin sections from the reference
collection. A second objective of this chapter is the application, validation and evaluation of
the protocol. To do so, charcoal fragments have been collected in a pedoanthracological
excavation and analysed using the protocol.
2.2 Study area
Little is known on the evolution of species distribution patterns during the Pleistocene and
Holocene in Africa. Senterre (2005) describes the phenomenon of choro-ecological
transgressions. Particularly, certain species had a tendency to spread in several vegetation
types and several geographical regions. On the other hand, due to e.g. forest regression
phases, species disappear in certain regions (Sosef, 1996; Senterre, 2005). However,
these tendencies are not yet fully mapped. Therefore, the protocol presented here does not
take into account only those species currently occurring in the Mayumbe, but all species
native to Central Africa.
The Central African forest complex can be divided into the Lower Guinean and Congolian
forest regions, demarcated respectively as ‘LG’ and ‘C’ in Figure 2.1 (White, 1983; Leal,
2004; Senterre, 2005). The Lower Guinean is separated from the Congolian forest by the
marshes of the Congo and Ubangi rivers. The Congolian forest is separated from East
Africa by the Albertine highland rift and Great Lakes (r&l). The Central African forest
complex is surrounded by a transition zone of savanna types to the north (TN) and to the
south (TS). The Lower Guinean forest is currently separated from the West African forest
complex (WA) by savanna types in the ‘Dahomey Gap’ (dg) in Togo and Benin (Leal, 2004).
Maley (1996) and Salzmann & Hoelzmann (2005) assume that this gap might have been
overgrown by forest during the Holocene Thermal Optimum. As such, those West-African
endemics are excluded from the identification protocol and only species native to LG, C, TN
and/or TS are taken into account for final identification.
The Mayumbe forest (‘M’ in Figure 2.1) is part of the Lower Guinean forest complex. It is an
assumed sub-mountainous glacial forest refuge located on the hills alongside the Atlantic
coast, ranging from south Gabon down to the Luki reserve in the Bas-Congo, Democratic
Republic of Congo (Sosef, 1996; Maley, 1996). The Luki reserve (indicated in Figure 2.1)
has been selected as research area because it shelters an important forest relict located on
the southernmost Mayumbe forest edge. Pedoanthracological sampling was conducted in
the well-documented experimental UH48 forest stand (Donis, 1948; Donis & Maudoux,
1951; Couralet, 2010).
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Figure 2.1 map of the Central and West African forest complexes; localisation of the Mayumbe forest
and the Luki reserve.
2.3 Material and Methods
2.3.1 Pedoanthracology
Sampling
In stand UH48, a relatively flat and dry area was chosen, which was probably not
susceptible to human disturbance, erosion or deposition of colluvium, as recommended by
Carcaillet & Thinon (1996). Next, prospection was conducted with an Edelmann auger,
down to one meter. One pedoanthracological excavation (surface of 100 cm x 150 cm) was
conducted on a spot where prospection yielded charcoal remains on a depth of at least 40
cm and where the soil was relatively dry and penetrable. Macro-charcoal fragments (largest
width > 2 mm) were carefully collected by hand per interval of 10 cm. Specific
anthracomass was calculated as described by Carcaillet & Thinon (1996). One kg of mixed
disturbed soil was taken per two intervals for soil moisture content and organic matter
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content measurements (Ball, 1964). Also, thin sections were prepared from undisturbed soil
samples embedded in polyester using standard procedures (Murphy, 1986) and
micromorphological features were described applying polarisation microscopy, using the
concepts and terminology of Stoops (2003). Finally, three charcoal fragments from different
profile intervals were sent to the Poznán Radiocarbon Laboratory (Poland) for AMS 14C
measurement. Calibration was performed with the OxCal v4.1.5 software (r:5) (Bronk
Ramsey, 2009) using the SHCal04 southern hemisphere atmospheric curve (McCormac et
al., 2004).
Detection of charcoal types and species-richness within the profile interval
For profile intervals with <50 charcoal fragments, all fragments were analysed using
Reflected Light Microscopy (RLM) (e.g. Scheel-Ybert, 2000; Boutain et al., 2010). Based on
microscopic features (IAWA Committee, 1989), most charcoal fragments were grouped in
primary charcoal types, of which each type represents normally one species and sometimes
several species. Some unidentifiable fragments originated from bark, juvenile wood or fruits.
These might be originating from the same species represented by the primary types.
Therefore, these fragments are grouped in secondary charcoal types which are not taken
into account for further interpretation.
However, analysing all fragments is very time-consuming when charcoal fragments are
numerous, e.g. >500 per layer. In our opinion, to retrieve the most important
palaeobotanical data such as the total species-richness and species composition, there is
no need to analyse all fragments as species-richness in a small pedoanthracological
interval (< 0.3 m³) is limited. The total number of charcoal types (= c) is considered to reach
saturation after a certain number of analysed charcoal fragments (= X). Practically, the
estimated total amount of charcoal types ( ) in the intervals was calculated with the
CatchAll software (Bunge, 2011) for each record of X and c. Once approximates c,
saturation has been reached. From every layer, an arbitrary initial amount of 50 charcoal
fragments was studied and more charcoal fragments were added until saturation.
Anatomical description of charcoal types
For each charcoal type, a large fragment containing all diagnostic features was mounted on
a stub for Scanning Electron Microscopy (SEM). While studying SEM micrographs, charcoal
types are described with the same numbered anatomical features as used on the on-line
InsideWood database (IAWA Committee, 1989; Wheeler, 2011; InsideWood, 2011). The
final result of the charcoal type description consists of two strings of numbered features. A
first string represents primary features which are easily visible. A second string represents
secondary features which are variable or unclear. Some anatomical features change during
charcoalification, as illustrated by Bustin & Guo (1999) and Braadbaart & Poole (2008).
Specifically, shrinkage has been taken into account while describing charcoal type anatomy
(e.g. Prior & Gasson, 1993). According to Braadbaart & Poole (2008), tangential diameter
shrinkage of vessels can amount to 50%. Also, possible shrinkage of intervessel pits has
been taken into account. Finally, some hardwood features are difficult to see in charcoal. As
such, following numbered IAWA features (IAWA Committee, 1989) are never used as
primary features: growth rings (features 1-2), arrangement of intervessel pits (20-23),
vestured pits (29), vessel-ray pitting (30-35), druses (144-148), other crystal types (149-
158), silica (159-163).
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2.3.2 Development of the Woody Species Database (WSD)
A composed ‘umbrella’ database
Two databases and four species lists have been combined into a comprehensive excel file
called ‘Woody Species Database’, further ‘WSD’. This WSD contains a list of species
names followed by a wide range of metadata concerning the presence of thin sections in
the RMCA, anatomical features, distribution area, ecology and synonymy. Within this
umbrella database, a protocol has been developed using the excel column filter function
and additional formulas.
First of all, the reference collection database of the xylarium of the RMCA has been used.
This is one of the largest collections of wood specimens in the World and possibly the
largest collection of Central African wood specimens (Lynch & Gasson, 2010). Large effort
was put into digitizing all metadata of the species names and specimens, which resulted in
(1) an on-line search database (Tervuren Xylarium Wood Database, 2011) and (2) an excel
spreadsheet of species names with several columns of metadata. For every species name,
this database provides metadata on the provenance of its specimens and the presence of
thin sections in the RMCA collection.
A second database which has been used to create the WSD is the InsideWood search
database, described by Wheeler (2011). On the 11th of July 2011, all 5910 modern wood
descriptions have been downloaded from the InsideWood database in excel format. This
database mentions, per species, the presence or absence of microscopic hardwood
features (1-163) described by the IAWA Committee (1989, pp.1-320). Furthermore, features
164-188 provide information on geographical species distribution (IAWA Committee, 1989,
pp. 320-321).
Inventory species lists of the Mayumbe and, more specifically, the Luki reserve have been
incorporated as well (Donis, 1948; Donis & Maudoux, 1951; Maudoux, 1954; Monteiro,
1962; Pendje, 1992; Couralet, 2010; Maloti Masongo, unpublished results). Inventories
provide detailed information on current species composition of the research area. Finally,
indicator species lists are incorporated. A first list contains indicator species for all Central
African vegetation types described by Lebrun & Gilbert (1954). These vegetation types
range from dense evergreen rainforest to sclerophyllous dry forest and edaphic and
secondary forest types (see also Mayaux et al., 2000). A second list contains
Caesalpinioideae which are indicators for old-growth rainforest in the Lower Guinean and
the Congolian rainforest according to Leal (2004).
Synonymy, distribution area and species ecology
Each row in the WSD represents a unique species name, listed in the first column.
Metadata of all combined databases are listed in subsequent columns. Next, large effort
was put into the problem of synonymy. Within a group of synonyms, each species name
has a certain name status: only one synonym is regarded as ‘accepted’ and the rest as
‘unaccepted’. When no consensus has been reached yet, name status is marked
‘uncertain’. Name status has been derived from the African Plants Database of The
Conservatory and Botanical Gardens of the City of Geneva (African Plants Database,
2011).
Furthermore, the provenance area of reference collection specimens does not always fall
within the native distribution area of the species, as species from all over the world have
been introduced in Central Africa since the onset of Portuguese explorations in the 15th
century and the foundation of coastal trade posts. Therefore, the distribution pattern of all
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species recorded as ‘Central African’ in the WSD has been verified by the information
available on the African Plants Database (2011), the ‘Flore du Congo Belge et du Ruanda-
Urundi’ (INEAC, 1948-1963), the ‘Flora of West Tropical Africa’ (Hutchinson & Dalziel,
1954-1972), the ‘Flora of Tropical Africa’ (Oliver, 1830-1916), and ‘The Useful Plants of
West Tropical Africa’ (Burkill, 1985). Five separate columns have been added mentioning
natural occurrence of the species in regions M, LG, C, TN, TS and/or WA, presented in
Figure 2.1. Finally, several columns have been added describing ecology, temperament
and morphology for the Central African species.
Adding thin sections and descriptions to the WSD
New anatomical descriptions have been added to the WSD. These descriptions will also be
added to the InsideWood database once they have been optimised. Specifically, those
Central African species were selected from which the genus is not present on the
InsideWood database and from which wood specimens are available at the RMCA.
Additionally, thin sections have been prepared from those indicator and inventory species
previously lacking thin sections at the RMCA.
2.3.3 The Identification Protocol
A flow-chart of the identification protocol is presented in Figure 2.2. A first block presents
the composition of the WSD. This database contains 163 columns representing all
anatomical hardwood features, which are recorded as being ‘present’, ‘absent’ or ‘variable’
(InsideWood, 2011; Wheeler, 2011). The second block in Figure 2.2 presents the
anatomical query and a subsequent series of extension phases. A third block presents a
series of reduction phases. The WSD and the protocol as such are not publicly available on
the internet. However, the RMCA collection is on-line as the search platform Tervuren
Xylarium Wood Database (2011) which provides direct links to micrographs of thin sections
and to descriptions on the on-line InsideWood database. Those who are interested can
contact the authors for access to the RMCA collection.
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Figure 2.2 flow-chart of the identification protocol; A. constitution of the anatomical search database;
B. anatomical query and extension phases; C. reduction phases.
Anatomical query and extension phases
The availability of a vast amount of reference thin sections in the RMCA collection offers the
opportunity to consider much more species than only those present on the InsideWood
search database. Based on morphological resemblances, including wood-anatomical
resemblances of species, the science of plant taxonomy groups certain species into genera.
Therefore, the first phase of the protocol (IP1 in Figure 2.2) is designed to search genera,
not species, on the InsideWood database, which is embedded in the WSD. Specifically, the
excel filter function in the WSD is applied to the primary anatomical charcoal features. This
query considers species from all over the world because some genera occur in several
continents. The resulting species names are marked manually in a separate column (=
results list) in the WSD. During a second identification phase, the resulting species name
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list is extended in three subsequent steps, for which the sequence is very important. In a
first step, all synonyms of the species names found after the query, including the accepted
names, are added to the results list applying an excel formula (IP2.a in Figure 2.2). For
certain species, synonyms belong to several genera. Next, excel adds all species belonging
to the genera found after IP2.a (IP2.b). Finally, all synonyms of these species names are
added to the results list (IP2.c). The resulting species name list is now at its maximum but
covers many synonyms from species from all over the world. Moreover, some species lack
reference material.
Reduction phases and comparative microscopy
During a third identification phase (IP3 in Figure 2.2) excel rejects all ‘unaccepted’ names
(retaining only the ‘accepted’ or ‘uncertain’ name per species). Furthermore, all species
which do not occur in Central Africa and all species without reference material or
anatomical descriptions are rejected as well. Finally, thin sections of the species retained
after IP3 are taken from the alphabetically ordered reference collection, stored in cupboards
in the Laboratory for Wood Biology in the RMCA. Using Transmitted Light Microscopy
(TLM) for the thin sections and SEM and RLM for the charcoal, wood anatomy is compared
to the charcoal type anatomy. During this phase (IP4), species are rejected based on the
secondary and tertiary charcoal anatomy features. Furthermore, this in-depth comparative
microscopic phase offers the possibility to take into account anatomical features which are
not described by the IAWA Committee (1989). These features are listed and described in
Table 2.1. The final result of the charcoal identification protocol is a small group of species,
which are all given a probability ranking. Specifically, a 10-point grading system, subject to
the user’s opinion, is used. Half of the points of the ranking system consider primary and
secondary anatomical features as well as features described in Table 2.1: if a species
resembles the charcoal anatomy perfectly, 5 points should be attributed. The other 5 points
of the ranking system consider the distribution area (Figure 2.1): occurrence in ‘M’ = 5
points; ‘LG’=4 points; ‘C’ =3 points; ‘TS’=2 points; ‘TN’=1 point. The charcoal type gets a 9-
character label consisting of the three first letters of respectively family, genus and species
name of the best ranked species.
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Table 2.1 descriptions of anatomical hardwood features used during comparative microscopy and not
described by the IAWA committee (1989).
2.4 Results
2.4.1 Woody Species Database: quantities
Quantities of the WSD are presented in Figure 2.3. In total, the list covers 5521 genus
names and 36844 species names. 19090 (= 51.8%) of these are unaccepted names, as
synonyms of 12832 (= 34.8%) accepted names. The 4922 uncertain names are treated as
accepted names. As there is only one accepted or uncertain name per species, quantities
of accepted and uncertain names are equivalent to quantities of species. For the accepted
names, metadata of all synonyms has been taken into account.
The database contains 4162 African species, from which the identification protocol
presented in this chapter considers the 2909 Central African species. Inventory and
indicator species lists cover 677 species. Specifically, 320 of these are indicator species
mentioned by Lebrun & Gilbert (1954), 210 species are indicator Caesalpinioideae
mentioned by Leal (2004) and 294 species were listed during inventories in the Mayumbe.
Furthermore, for 2086 (= 71.7%) of all Central African species, at least one transversal thin
section has been produced and stored in the xylarium of the RMCA and for 649 (= 22.3%)
of all Central African species, a wood anatomical description is available on InsideWood.
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2.4.2 Sampling results
In the UH48 block within the Luki reserve, one pedoanthracological profile has been
excavated on a spot where prospection (Edelmann auger) yielded charcoal fragments down
to 100 cm. Pedological and anthracological results are presented in Figure 2.4. Roots
become less abundant from top to bottom of the profile. Stones are absent. Few horizons
are distinguishable. This is confirmed by the study of micromorphological features (cf.
Stoops et al., 2010), including a darker micromass in the 0-40 cm interval above a
transitional zone (40-60 cm), and indications for the presence of lithological discontinuities
around 20 and 40 cm depth. Throughout the profile, the soil shows various features related
to bioturbation, in varying abundance.
Figure 2.4 also presents the total number of charcoal fragments and absolute and specific
anthracomass (cf. Carcaillet & Thinon, 1996). Only the four intervals between 10-50 cm
contain more than 100 fragments. The two intervals between 30-50 cm contain more than
700 fragments. Small pottery fragments were found in the 30-40 cm interval, which is the
second most charcoal-rich: 23.15 g charcoal in 0.15 m³ (= 121 ppm). Radiocarbon dating
yielded radiocarbon ages of 2043-1872 cal yr BP (2055 ± 30 14C yr BP, Poz-33055) for the
30-40 cm interval, 2308-2004 cal yr BP (2205 ± 35 14C yr BP, Poz-39110) for the 80-90 cm
interval and 2154-1945 cal yr BP (2140 ± 35 14C yr BP, Poz-39109) for the 120-130 cm
interval. As these dates are very close, the charcoal fragments could be considered to be
the result of the same fire event.
2.4.3 Charcoal types and identification results
A total amount of 374 charcoal fragments are grouped into 19 charcoal types. Table 2.2
presents the number of fragments per type and the number of species (names) retained
after each phase of the protocol. The number of species names in the results list is always
at its maximum at the end of the extension phase (IP2.c in Figure 2.2 and Table 2.2), but is
reduced drastically during subsequent extension phases (IP3.a-IP3.c). One type was
derived from a monocotyledon (AGA DRA SPP), which was identified as a Dracaena spp.
by studying all Central African monocotyledon thin sections.
Three unidentifiable types consist of bark, fruit or juvenile wood, which might belong to one
of the identifiable types. These 3 types are therefore classified as secondary charcoal
types. One other unidentifiable type consists of mature hardwood that is clearly different
from the 15 identifiable types. As a result, the overall interval is composed of 16 primary
charcoal types which belong to at least 16 different species. The charcoal types are
randomly spread in all profile intervals, confirming the presumption that all charcoal
fragments in all intervals have been formed during the same fire event.
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One charcoal type, represented by a large number of fragments, is clearly derived from oil
palm nut shells (Elaeis guineensis Jacq.). All other 13 primary identifiable charcoal types
are clearly wood-derived and identified applying the protocol. For each charcoal type, the
group of species retained after application of the protocol is presented in Table 2.3, which
specifies whether identification was very successful or not. Less successful identification
can be due to a low amount of available charcoal (ULM CEL SPP and APO TAB IBO) or
due to unclear charcoal anatomy (DIC DIC MAD). Species names are accepted according
to the African Plants Database (2011). Probability ranking is given in a separate column.
Table 2.3 also provides information on distribution (cf. Figure 2.1), species ecology,
temperament and morphology for every species (Oliver, 1830-1916; INEAC, 1948-1963;
Hutchinson & Dalziel, 1954-1972; Burkill, 1985; African Plants Database, 2011).
Finally, Table 2.3 also presents the taxonomic level down to which Elenga et al. (2000) and
Lebamba et al. (2009) identified pollen from modern soil samples. Data of Elenga et al.
(2000) is derived from study sites in the Mayumbe and those of Lebamba et al. (2009) from
sites all over the Lower Guinea. Also, Table 2.3 presents the relative abundance of the
pollen type in the pollen record of Elenga et al. (2000).
Table 2.3 (next pages) identification results of very successful and less successful charcoal types.
Species retained after application of the protocol, per charcoal type found in the UH48 profile. Best
ranked species are marked in grey for each charcoal type. A. data on morphology, ecology, temper
and distribution area is derived from African Plants Database (2011), INEAC (1948-1963), Hutchinson &
Dalziel (1954-1972), Oliver (1830-1916), Burkill (1985) B. the number of thin sections of this species in
the xylarium of the Royal Museum for Central Africa in Tervuren, Belgium. C. presence of a wood
anatomical description of this species on the on-line Inside Wood Database (july, 2011). D. presence
of this species in one (or several) of the lists resulting from inventories in or around the Luki reserve.
E. indicator species for old-growth rainforest by Leal (2004) or for a certain Central African forest type
described by Lebrun & Gilbert (1954). F. relative abundance of pollen type in modern soil samples
(Elenga et al., 2000): "--"= not detected; "-": detected but very scarce; "+"= detected in moderate
quantities; "++"= abundant. G. taxonomic level of pollen identification (Elenga et al., 2000 or Lebamba
et al., 2009): "f"= family level; "g"= genus level; "s"= species level; "-"= no defined pollen type
available.
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Table 2.3 (continued)
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2.4.4 Estimation of species-richness
Figure 2.5 is an example of a charcoal type saturation curve. It presents the evolution of
the number of studied charcoal types (= c) and the estimated total amount of charcoal types
(= ) in the 30-40 cm profile interval. approached c very closely when 40 charcoal
fragments were analysed. However, as saturation was not yet fully reached, 50 additional
fragments from this 30-40 cm interval were analysed. Only 2 new types were found,
resulting in a total number of 11 charcoal types in the interval. Furthermore, the estimated
total amount of charcoal fragments did not change significantly over the last 25 fragments.
Specifically, after 100 charcoal fragments, CatchAll predicted the presence of slightly more
than 1 charcoal type left to find in the interval: an estimated amount of 12.4 types versus an
observed amount of 11 types. Theoretically, there is a chance that another type can be
present in the 30-40 cm interval. Indeed, 6 out of the 16 primary types in the overall profile
were not recorded in the 30-40 cm interval. 2 of these types are very rare in the profile.
These rare types are represented by few (<6) and very small fragments, which impedes
proper visualisation and identification.
If the 366 charcoal fragments belonging to the 16 primary charcoal types in the overall
profile are considered, the CatchAll software estimates a total species-richness of 16.7
species in the overall profile. Based on these CatchAll estimates, the chance that a new
charcoal type can be found by analysing more charcoal fragments is considered small
enough to stop adding fragments, both for the 30-40 cm interval as for the overall profile.
The same conclusion could have been drawn after analysis of the first 50 charcoal
fragments in the 30-40 cm interval.
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Figure 2.5 charcoal type saturation curve; comparison between the amount of observed charcoal
types (c) and estimated total amount of charcoal types ( ) in the interval, in function of the number of
observed charcoal fragments (X) for the interval between 30 and 40 cm depth: c=f(X) and =f(X). For
every X<22, the total amount of analysed fragments was too small for reliable species-richness
estimation with the CatchAll software. For every 22<X<72, the non-parametric model Chao1 has been
selected for calculation of (Bunge, 2011). Finally, for every X>72, the best model proposed by the
CatchAll software was used.
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2.4.5 Refining identification results: probability ranking
IRV IRV ROB
Charcoal type IRV IRV ROB has clear parenchyma bands of more than 3 cells wide, wood
rays with mostly procumbent ray cells (sporadically a row of square top cells), rays of 2 or 3
cells wide and medium sized intervessel pits (Figure 2.6). Species retained after application
of the protocol are presented in Table 2.3. Bauhinia rufescens, Bauhinia petersiana and
Caesalpinia welwitschiana are ranked low because their rays are regularly unicellular with
rather large and irregular ray cell width. Furthermore, both Bauhinia spp. occur only in the
margins of the Central African forest complex (region TS in Figure 2.1). Schefflerodendron
gilbertianum, Schefflerodendron adenopetalum and Quassia undulata are ranked low
because their intervessel pits and their vessels seem to be too small and because they do
not exhibit radial vessel groupings (up to 3) regularly. Guarea cedrata resembles the
charcoal type anatomy very well, but its fibre lumina seem to be too wide, the parenchyma
bands too narrow and there are too many upright marginal ray cells. Finally, there is no
anatomical feature which is sufficiently diagnostic to distinguish Irvingia smithii from Irvingia
robur. Both are ranked highest and resemble the charcoal type anatomy almost perfectly.
As an illustration of the agreement between the charcoal type anatomy and the wood
anatomy, Figure 2.6 presents SEM images of charcoal type IRV IRV SMI, compared to
TLM images of a wood specimen of I. smithii.
I. smithii is mentioned by Lebrun & Gilbert (1954) as an indicator species for riverine
rainforest and gallery forest. It is a relatively high and light-demanding tree. On the contrary,
I. robur is described by the African Plants Database (2011) as a rainforest tree on dry land.
Both species occur in the Mayumbe and more specifically in the Luki reserve according to
several inventories (Table 2.3).
DIC DIC MAD
Charcoal type DIC DIC MAD is very unclear, as illustrated by the SEM images in FIGURE
2.7. Growth rings are not discernible on the charcoal fragments. The few vessels that are
measurable are 40 ± 5 µm wide (Tg diameter on Tv section in FIGURE 2.7.1 and II.2), but
the number of vessels mm-2 is unknown as most of the vessels are very small and difficult
to distinguish from parenchyma cells on the Tv section. Vessels seem to be rare and mostly
solitary; sometimes they occur as radially aligned couples. Perforation plates seem to be
exclusively simple (Tg and R). Intervessel pits and vessel-ray pits are not discernible.
Parenchyma is very unclear but seems to be scanty paratracheal or vasicentric. Possibly it
is diffuse or banded (up to 3 rows). It is certainly not lozenge aliform. Rays are mostly 3 or 4
cells wide, not very high (up to 1 cm) and not storied. Body ray cells are procumbent or
square and up to 2 rows of upright marginal ray cells are discernible. Ray cells are wider
than fibre lumina. Fibres are very thick-walled. Canals are not discernible.
After application of the identification protocol, 8 species have been retained and presented
in Table 2.3. Leptactina arnoldiana and Erythrococca bongensis are ranked lowest because
their rays are not large enough. Furthermore, E. bongensis does not occur in the Lower
Guinea. Both Aulacocalyx spp. and Schumanniophyton magnificum are ranked low
because they exhibit too many (>10) upright marginal ray cells. Euadenia eminens
resembles well, but its rays are too high. Also, Cassipourea gummiflua resembles well but
its parenchyma seems to be too abundant compared to the absence of a clear parenchyma
pattern in the charcoal. Finally, Dichapetalum madagascariense is the best match, although
its rays seem to be slightly too high. D. madagascariense is a lianescent shrub and occurs
all over Central Africa in a large range of habitats.
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Figure 2.6 LEFT: Scanning Electron Micrographs (SEM) of charcoal type IRV IRV ROB; 1: Transversal
direction (scale bar = 100µm); 2: Radial direction (scale bar = 100µm); 3: Tangential direction (scale
bar = 100µm); 4: Tangential detail of intervessel pits (scale bar = 10µm); RIGHT: Transmitted Light
Micrographs (TLM) of Irvingia smithii Hook. f. (Tw 13339); 5: Transversal direction (scale bar = 200µm);
6: Radial direction (scale bar = 200µm); 7: Tangential direction (scale bar = 200µm); 8: Tangential detail
of intervessel pits (scale bar = 50µm).
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Figure 2.7 LEFT: Scanning Electron Micrographs (SEM) of charcoal type DIC DIC MAD; 1: Transversal
direction (scale bar = 200µm); 2: Transversal detail of vessel and parenchyma (scale bar = 20µm); 3:
Radial direction (scale bar = 200µm); 4: Tangential direction (scale bar = 200µm); RIGHT: Transmitted
Light Micrographs (TLM) of Dichapetalum madagascariense Poir. (Tw 32792); 5: Transversal direction
(scale bar = 250µm); 6: Transversal detail of vessel and parenchyma (scale bar = 50µm) 7: Radial
direction (scale bar = 250µm); 8: Tangential direction (scale bar = 250µm).
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2.5 Discussion
2.5.1 Protocol Validation: identification results vs. forest history
Mutual consistency of identification results
For some charcoal types, the highest ranked species belong to several vegetation types
(Tables 3 and 4). Yet, the best ranked species for charcoal types AGA DRA SPP, APO
TAB IBO, CAE CYN MAN, CAE GIL MAY, CAE TET BIF, MEL GUA SPP and RUB COR
SPP occur only in rainforest environments. All these species are small (0-20m) or large
(>20m) shade-bearing or light-tolerant trees (Table 2.3). Moreover, nearly all species
retained for charcoal type CAE GIL MAY and the best ranked species of CAE TET BIF
belong to the family of Caesalpinoideae and are typical old-growth rainforest species
according to Leal (2004). All of the highest ranked species of charcoal types HUA HUA
GAB, IRV IRV ROB, MYR COE SPP, ULM CEL SPP and ANN XYL AUR occur in a
rainforest environment (Table 2.3) although some of them also occur in regenerating
rainforest or they have a larger ecological tolerance. Finally, the best ranked species for
MYR SYZ GUI and DIC DIC MAD are characterised by a large ecological amplitude, which
also comprises mature rainforest. As a conclusion, identification results suggest a rainforest
environment in the southern Mayumbe between 2308-1872 cal yr BP. The results seem to
be consistent, confirming the validity of the identification protocol.
The presence of oil palm as a bottleneck?
Only the presence of E. guineensis seems contradicting the other identifications as the oil
palm is an important pioneer species which is thought to play a major role in recolonisation
of savanna (Maley & Giresse, 1998, Maley & Chepstow-Lusty, 2001). E. guineensis has
been detected in several palynological records from the Lower Guinea (including the
Mayumbe), indicating arid and cool palaeoclimatic phases characterised by forest
regression. These records date back to the Eocene and the Miocene, indicating the
indigenous nature of the species in the area (e.g. Maley & Brenac, 1998; Maley & Giresse,
1998; Maley & Chepstow-Lusty, 2001). However, only nut shell fragments have been found
in the interval. Furthermore, the charcoal fragments in the profile interval were associated
with pottery sherds, indicating human influence. Also, Neumann et al. (2012a) mention a
long tradition in the use of oil palm nuts by humans. This indicates that the fire that
produced the charcoal fragments could have been a result of human activity and was either
a wild-burning fire or a bonfire.
The Mayumbe during the third millennium BP
By comparing ages of different Early Iron Age sites from Cameroon and Congo, Schwartz
et al. (1990) found that iron smelting and thus human occupation spread relatively fast,
down to the southern Mayumbe at the end of the third millennium BP rainforest crisis,
between 2500 and 2000 cal yr BP. This may have been due to a greater extension of
savanna. More specifically, archaeological, palynological and phytogeographical results
suggest the existence of a complex and shifting forest-savanna mosaic pattern in the
southern Mayumbe after the third millennium BP rainforest crisis (Schwartz et al., 1990;
Maley & Brenac, 1998; Vincens et al., 1998; Leal, 2004; Ngomanda et al., 2009b). This
mosaic pattern was characterised by a complex mixture of savanna, pioneer forest,
secondary forest, primary rainforest and a broad range of intermediate phases within the
forest succession cycle. As such, it is possible that the humans entering the primary
rainforest brought along pots and oil palm nuts from nearby regenerating forest. Hence, the
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consistency of the identification results with forest history seems to confirm the validity of
the identification protocol.
2.5.2 Protocol Evaluation
The ultimate goal of search databases such as InsideWood (2011) and an umbrella
database with an identification protocol as presented here, is to standardize identifications
of charcoal fragments between different analysts (e.g. Mitchener et al., 1997). Previous
charcoal identification attempts for Central Africa were based upon the experience of
individuals and did not address the complexity of species-richness, synonymy, or the
limitation of the reference collection capacity (Dechamps et al., 1988; Schwartz et al., 1990;
Hart et al., 1996). To the knowledge of the authors, this chapter presents the first attempt to
quantify the possibilities and limitations of charcoal identification in Central Africa.
Species-richness of the Woody Species Database
Central Africa as presented by regions LG, C, TN and TS (Figure 2.1) covers 5 countries
completely (DRC, Congo, Cameroon, Gabon, Equatorial Guinea) and 3 countries partly
(Nigeria, Central African Republic, Angola). According to Figure 2.3, the WSD contains
2909 species from these countries. Data of the Food and Agricultural Organisation of the
United Nations can serve as a good comparison. FAO (2005) has been monitoring the
world’s forests at 5 to 10 year intervals since 1946. Furthermore, FAO (2005) uses a broad
definition of ‘tree’, including bamboo, palm and other woody species. Specifically, countries
from West and Central Africa reported a maximum of 2243 native woody species per
country. Assuming that there is a very large overlap in woody species composition between
neighbouring countries, the total woody species diversity in Central Africa will probably not
exceed multiples of this number. As such, the WSD presented here covers already a large
percentage of the total Central African woody species-richness. Furthermore, the highest
tree species diversity is recorded for South America, where Brazil reports more than 7880
native tree species (FAO, 2005). Indeed, Mutke & Barthlott (2005) confirm that the African
continent is less diverse than South America and South-East Asia, although numbers go up
to 4000 vascular plant species per 10000 km² in the Lower Guinea.
Power of the identification protocol
By searching on genus level in the InsideWood database, the protocol takes into account
2399 (= 82.5%) of the Central African species recorded in the WSD (Figure 2.8). However,
reference material, being anatomical descriptions and/or thin sections, is needed for further
consideration of these species during comparative microscopy. This is the case for 1937 (=
66.6%) of the Central African species. These species represent the combined power of
InsideWood and the RMCA reference collection (Figure 2.8). Furthermore, for 266 (= 9.1%)
of the Central African species, the genus is not present on the InsideWood database,
although thin sections are available at the RMCA (Figure 2.8). Additionally, for 15 inventory
and indicator species, thin sections had to be prepared from wood samples available in the
RMCA. For these 281 species, anatomical descriptions have been added to the WSD.
Finally, the total power of the protocol accounts for 76.2% of the 2909 Central African
species in the WSD (Figure 2.8). This is substantial compared to charcoal identification
protocols for other research areas.
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As a comparison, a computer-aided key to charcoal identification for a southern Brazilian
coastal research area takes into account more than 900 species (Scheel-Ybert et al., 1998;
Scheel-Ybert, 2000). Another example is the identification protocol for the upper northern
Andes developed by Di Pasquale et al. (2008), which takes into account only 32 species
described for the first time by the authors. The species composition in the upper Andes is
well-defined and limited, in contrast to the complexity inherent in species composition in the
Central African rainforest. Finally, pedoanthracology has been developed and since long
been applied in Europe (Carcaillet & Thinon, 1996; Figueiral & Mosbrugger, 2000; Théry-
Parisot et al., 2010). FAO (2005) reports a maximum of only 280 native tree species per
country in Europe, indicating the convenience of European anthracology relative to Central
African anthracology.
Flexibility
Another important advantage is the flexibility of the WSD. First of all, the quantities
presented in this chapter are growing constantly, as wood descriptions are regularly added
to the InsideWood database (Wheeler, 2011) and thin sections are regularly prepared and
added to the RMCA reference collection. Secondly, an important advantage is the
applicability of the protocol within a large geographical context. If a small amount of
information is added to the excel spreadsheet in the form of inventory or indicator species
lists, the protocol can be optimised for specific research areas all over Central Africa. As an
illustration of the importance of inventory and indicator lists, the best ranked species for
charcoal type HUA HUA GAB is a Luki inventory species which has been described by the
authors for the first time. Moreover, a lot of the retained species (Table 2.3) occur in the
indicator list of Lebrun & Gilbert (1954) and nearly all retained species for charcoal type
CAE GIL MAY occur in the indicator list of Leal (2004).
Uncertainty
The WSD is not complete in terms of species. Moreover, there are significant gaps in the
metadata of the species names. These gaps are sources of uncertainty in the identification
protocol. As presented in Figure 2.3, for 2161 (= 12.2%) accepted and uncertain species
names recorded in the WSD no provenance continent has been registered. Therefore,
these species are excluded. Furthermore, name status is still registered as ‘uncertain’ for
182 (= 6.2%) of the Central African species names. Next, a third source of uncertainty is the
lack of thin sections or anatomical descriptions (Figure 2.8).
Next to these quantifiable sources of uncertainty, a more complex problem is linked to the
‘readability’ of charcoal anatomy. After the last identification phase (comparative
microscopy), a group of species is selected for which anatomy matches the charcoal
fragment. Sometimes, it is very difficult to distinguish the best matching species, as
illustrated for charcoal types ULM CEL SPP, APO TAB IBO and DIC DIC MAD in Table 2.3
and Figure 2.7. Furthermore, one mature hardwood type was not identifiable at all (Table
2.2) and a secondary charcoal type originated from very young (juvenile) wood, which may
exhibit different characteristics than mature wood. However, 10 wood-derived charcoal
types have a very distinct and legible anatomy and clearly originated from mature wood, as
illustrated for IRV IRV ROB on Figure 2.6.
A third source of uncertainty is inherent in categorizing and coding naturally variable
features. Categories are not always compatible with the wide range of varieties nature may
produce. Moreover, individuals may code the same characters differently. These problems
are partly solved by the manual comparative microscopy in the end where wrongly included
taxa are eliminated. However, it is well possible that matching taxa do not enter the protocol
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because they are coded in a way that they do not appear during the search, even though
they have a matching anatomy. A final source of uncertainty is due to imperfections in
metadata of RMCA specimens and in descriptions on InsideWood (e.g. Wheeler, 2011).
Compatibility of anthracology and palynology
For most species presented in Table 2.3, the pollen type is only identifiable down to family
level or is not defined at all by Elenga et al. (2000) and Lebamba et al. (2009). Only few
species are identifiable down to genus level and very few down to species level. Also,
charcoal types cannot always be attributed to one single species. However, charcoal
identification down to genus level is mostly feasible as the best ranked species mostly
belong to the same genus. Therefore, charcoal identification is often taxonomically more
precise than pollen identification.
An advantage of palynology is the fact that pollen abundance is a good indication for the
actual abundance of that taxon in the surrounding vegetation. However, a lot of the species
presented in Table 2.3 belong to the families of Annonaceae and Caesalpiniodeae. Those
are insect-pollinated plants which are mostly underrepresented or not represented at all in
pollen spectra (Elenga et al., 2000). In contrast, all woody species are detectable by
anthracology, although some light and porous woods might burn mainly to ashes. On the
other hand, the pollen type Syzygium is prominently present in the pollen diagram of Elenga
et al. (2000), although Syzygium spp. were not represented massively in accompanying
floristic inventories. One of the reasons is the fact that Syzygium spp. produce a massive
amount of pollen compared to other (e.g. entomophilous) species. The species composition
of charcoal collections from several pits all over a research area may specify the relative
abundance of taxa detected in pollen spectra. As such, anthracology and palynology are
highly compatible.
2.6 Conclusion
The WSD enables a directed search taking into account metadata on (1) anatomical
features, (2) availability of thin sections within the reference collection of the RMCA, (3)
species distribution and (4) synonymy. Numbers reported by FAO (2005) indicate that the
2909 Central African woody species covered by this database are a substantial percentage
of the total woody species richness of Central Africa. The Central African charcoal
identification protocol presented here starts with an anatomical query within the WSD,
proceeds with automatic extension and reduction phases of the resulting species list and
ends with a comparative microscopic study of wood reference thin sections and charcoal
anatomy.
2218 (= 76.2%) of the 2909 Central African species are considered by the identification
protocol. This is substantial compared to existing identification protocols for South America
and Europe. Additionally, the protocol has a large geographical applicability, as it can be
optimised for every research area within Central Africa if inventory and indicator species
lists are available. Moreover, as the reference collection and InsideWood databases are
growing on a regular basis, the power of the protocol is still increasing. Finally, anthracology
could confirm the presence of taxa which are underrepresented in pollen spectra and
specify the abundance of overrepresented taxa. As such, a combination of both disciplines
can produce stronger palaeobotanical reconstructions.
The protocol has been optimised for the Mayumbe (DRCongo) and applied on charcoal
from a radiocarbon dated (2308-1872 cal yr BP) soil profile in the Luki reserve. 13 out of 16
charcoal types originated clearly from mature hardwood and could be identified. All best
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ranked species occur in rainforest and the best ranked species of one type,
Gilbertiodendron mayombense, is an indicator species for old-growth rainforest. This is a
consistent result and a first evidence for the validity of the protocol. Furthermore, the
presence of nut shells of the pioneer species Elaeis guineensis in the same profile can be
explained by the presence of humans that used those nuts. The presence of humans is
confirmed by the finding of pottery sherds. Probably, humans entered the rainforest carrying
pots and oil palm nuts from regenerating forest located nearby. This also seems to confirm
the existence of a complex and shifting forest-savanna mosaic pattern in the southern
Mayumbe, as proposed by several authors.
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The Inside Wood database (left), containing coded descriptions of more than 750 Central African wood
types, using the well-defined IAWA codes (right, IAWA Committee, 1989).
Charcoal fragments are mounted on plastillin (left) and studied using Reflected Light Microscopy (RLM,
right). Charcoal anatomy is described using the well-defined characters of the IAWA list.
During the last identification phase, charcoal anatomy is compared to thin sections of reference wood
samples from the xylarium of the RMCA, Tervuren (cupboards on the right). The xylarium archives over
17000 slides, covering more than 12000 species, of which more than 2000 Central African species.
Chapter 2. Identification protocol
-48-
Chapter 3. Complementary imaging
-49-
Complementary imaging techniques
for charcoal examination and identification
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Abstract
Identification of ancient charcoal fragments is a valuable tool in reconstructing past
environments and determining natural and anthropogenic disturbances, and for
understanding past cultures and societies. Although in Europe such studies are fairly
straightforward, utilising charcoal records from the tropics is more complicated due to the
species-richness of the natural vegetation. Comprehensive databases have greatly aided
identification but often identification of charcoalified woods from the tropics relies on minute
anatomical features that can be difficult to observe due to preservation or lack of
abundance.
This chapter illustrates the relative potential of four imaging techniques and discusses how
they can provide optimal visualization of charcoal anatomy, such that specific difficulties
encountered during charcoal examination can be evaluated and fine anatomical characters
can be observed enabling high level identification of charcoal (and wood) taxa. Specifically
reflected Light Microscopy is often used to quickly group large numbers of charcoal
fragments into charcoal types. Scanning Electron Microscopy and High-Throughput X-ray
Computed Tomography are employed to observe fine anatomical detail. More recently X-
ray Computed Tomography at very high resolution has proved successful for imaging
hidden or ‘veiled’ anatomical features that cannot be detected on exposed surfaces but
need three-dimensional volumetric imaging.
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3.1 Introduction
Identification of radiocarbon-dated charcoal fragments from soil profiles or archaeological
excavations is valuable in assessing past vegetation and climate change. Moreover
charcoalified wood can provide great insights into the relative importance of wood types to
past cultures and ancient societies. Charcoal analysis is regularly practised in Europe and
North Africa where the vegetation is relatively species-poor and identification to at least
genus level using Reflected Light Microscopy (RLM) and/or Scanning Electron Microscopy
(SEM) is often possible (e.g. Carcaillet & Thinon, 1996; Figueiral & Mosbrugger, 2000; Gale
& Cutler, 2000; Scheel-Ybert, 2000; Di Pasquale et al., 2008; Théry-Parisot et al., 2010;
Höhn & Neumann, 2012; Schweingruber, 2012). However, identification of (ancient)
charcoal fragments from species-rich biomes such as Central Africa is often challenging.
Large databases such as InsideWood (2012) and the Tervuren Xylarium Wood Database
(2012; the world’s largest reference collection of Central African wood specimens) have
greatly aided such systematic identifications (Wheeler, 2011; Hubau et al., 2012) but
difficulties involving interspecific anatomical similarity and intraspecific anatomical variability
are often encountered, which hamper wood and charcoal identification (Normand & Paquis,
1976; Gasson, 1987; Schweingruber, 2007).
Moreover the process of charcoalification coupled with post-depositional processes can
lead to fractures, deformities or impurities that can obscure anatomical features. One
example is the formation of coatings on vessel walls that originate from non-wood related
deposits such as minerals and fungal hyphae (e.g. Prior & Gasson, 1993; Figueiral &
Mosbrugger, 2000; Scheel-Ybert, 2000; Scott, 2000; Scott & Glasspool, 2007; Bird et al.,
2008; Braadbaart & Poole, 2008; Di Pasquale et al., 2008; Dias Leme et al., 2010; Théry-
Parisot et al., 2010; Ascough et al., 2011). Charcoal is also brittle in nature and fragments
are traditionally hand-fractured (Gale & Cutler, 2000) for observation under Reflected Light
Microscopy (RLM) and Scanning Electron Microscopy (SEM). If clean surfaces are
required, time-consuming embedding methods and an extremely stable microtome are
needed to make thin sections (Schweingruber, 1976, 2012). Complementary imaging
techniques can help overcome such problems associated with preservation and sample
preparation in the study of charcoal anatomy.
Conventionally Reflected Light Microscopy is employed for grouping large numbers of
fragments into different ‘charcoal types’, which are presumed to be from the same woody
taxon (e.g. Carcaillet & Thinon, 1996; Chabal et al., 1999; Höhn & Neumann, 2012; Hubau
et al., 2012). The samples are hand fractured or fractured with the help of a razor blade
which often renders surfaces damaged and not always clean enough to return the
necessary detailed anatomical information. Experienced anthracologists can break, mount,
observe and group up to 100 well-preserved fragments from the tropics each day using this
approach.
High-Throughput X-ray Computed Tomography (HT-µCT) and Scanning Electron
Microscopy are more time-consuming and expensive than RLM because they require
sample preparation, operating time and output handling. SEM enables detailed visualization
of fine anatomical characters (e.g. Boutain et al., 2010) but only about five charcoal
fragments can be prepared and imaged in one day (although timings vary depending upon
requirement and preservation). SEM is subject to the same surface observation constraints
as RLM but gives the most detailed images possible at this time and is compatible with HT-
µCT. In turn, HT-µCT allows unlimited slicing of a three-dimensional scan of a charcoal
fragment providing clean digital ‘cuts’ comparable to wood thin sections (Van den Bulcke et
al., 2009; Mannes et al., 2010). However HT-µCT does not allow visualization of details
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such as septae or intervessel pits, and batch preparation, scanning, reconstruction,
observation and reslicing together take about two working days for ten charcoal fragments.
X-ray Computed Tomography at very high resolution (nanotomography, or nanoCT) is a
valuable tool for imaging minute features that are not clearly visible on surface cuts under
RLM or SEM. For example when visibility is obscured by coatings on vessel walls a directed
search in three-dimensional nanoCT volumes provides images of the structures beneath
the deposits or coatings by digitally cutting through them (e.g. Van den Bulcke et al., 2009;
Mannes et al., 2010).
This chapter outlines the potential of these four imaging techniques for charcoal
identification and discusses how they are able to contribute to a better visualization of the
fine anatomical features needed to identify material from species-rich biomes such as
Central African rainforests.
3.2 Methodology
3.2.1 Charcoal sampling and grouping in charcoal types
The material used in this study originates from the Mayumbe, a submountainous chain
covered by semi-deciduous tropical rainforests stretching along the Atlantic coast from
Gabon down to the Democratic Republic of Congo. The edges of the forest are vulnerable
to fragmentation caused by human activities and past climate anomalies and charcoal
records help in the quantification and qualification of such disturbances (Ngomanda et al.,
2009; Colombaroli & Verschuren, 2010; Picornell Gelabert et al., 2011; Hubau et al., 2012).
Charcoal fragments were sampled from seven soil profiles excavated in the southern
Mayumbe forest in the Lower Congo Province, Democratic Republic of Congo (between 04°
30’ S and 06° 00’ S and between 12° 30’ E and 13° 30' E; see also chapters 5, 6 and 7
and Hubau et al., 2012). The charcoal fragments were cleaned, hand-fractured, and
mounted on ‘Plastillin’ (see Carcaillet & Thinon, 1996; Scheel-Ybert, 2000; Di Pasquale et
al., 2008 for further details). The fragments from each profile were then grouped into distinct
anatomical charcoal types using RLM.
3.2.2 Imaging and describing charcoal types
One representative fragment, measuring approximately 10 mm3, of each charcoal type was
mounted on a stub, sputter-coated with gold and subsequently observed under SEM (JSM-
6610LV; JEOL, Tokyo, Japan) with an accelerating voltage of 10 kV.
Two representative charcoal fragments for each charcoal type were selected for High-
Throughput X-ray Computed Tomography (HT-µCT) with an approximate voxel pitch of 2.5
µm (e.g. Van den Bulcke et al., 2009; Mannes et al., 2010). The scanner, built at Ghent
University Centre for X-ray Tomography (www.ugct.ugent.be), is similar to the one
described by Masschaele et al. (2007) and Van den Bulcke et al. (2009) and has a generic
CT scanner control software platform (Dierick et al., 2010). The fragments were glued into
small plastic tubes each with a diameter of 3 mm. These tubes are able to hold up to ten
charcoal fragments and can be scanned as one batch overnight (Van den Bulcke et al.,
2009). All reconstructions were performed in ‘Octopus’, a tomography reconstruction
package for parallel, cone-beam and helical geometry (Vlassenbroeck et al., 2007). Virtual
sample rotation and reslicing was carried out with Morpho+ (Brabant et al., 2011).
If anatomical details such as intervessel pits or vessel-ray pits were found to be unclear
under RLM, SEM or HT-µCT, a small fragment (< 0.9 mm) containing a vessel or a vessel
grouping was accurately cut using a scalpel under RLM and mounted individually on a small
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stub. The fragment was then scanned using nanoCT with an approximate voxel pitch of
0.65 µm. Three dimensional volumes were digitally visualized (= rendered, see Van den
Bulcke et al., 2009) using the software package VGStudio Max. Exploring these 3D
volumes for anatomical details requires time, experience and a customized treatment. On
some occasions, several prospective short (>30min) scans (and reconstructions) of
different samples were performed before the desired minute anatomical features (e.g. pits)
could be found. Since the samples cannot be scanned in one batch nanoCT is more time-
consuming (two to five samples a day) than either SEM or HT-µCT and is thus reserved for
samples in which the details of specific anatomical features are required for identification
and cannot be determined from another technique.
For each charcoal type descriptions were made in accordance with the on-line InsideWood
database (IAWA Committee, 1989; Wheeler, 2011; InsideWood, 2012). The final
description for each charcoal type consisted of two strings of numbered features. The first
string represents primary features that are easily visible. The second string represents
secondary features that are variable or unclear.
3.2.3 Identifying charcoal types
All charcoal types were identified to the highest taxonomic level wherever possible by
applying the Central African charcoal identification methodology of Hubau et al. (2012; see
chapter 2). This method was developed using an umbrella database of species names and
metadata compiled from the on-line InsideWood Database (InsideWood, 2012) and the
Tervuren Xylarium Wood Database (2012) in addition to inventory and indicator species
lists (e.g. Lebrun & Gilbert, 1954). This Central African charcoal identification methodology
enables a directed search taking into account metadata on (i) anatomical features, (ii)
availability of thin sections within the Tervuren reference collection, (iii) species distribution,
and (iv) synonymy. Identification begins with an anatomical query within this database,
followed by automatic extension and reduction phases of the resulting species list and ends
with a comparative microscopic study of the anatomy of the charcoal type in comparison
with thin sections of reference wood samples from the Tervuren Xylarium Wood Database
(for a detailed description see chapter 2 and Hubau et al., 2012). Following these
identification phases, one or more species from the database were retained and the
charcoal type assigned a 9-character code featuring the first three letters of the family,
genus and species name of one of the retained species (e.g. ANA PSE MIC stands for
Anacardiaceae, Pseudospondias microcarpa (A. Rich.) Engl.).
3.2.4 Recognising and evaluating specific identification problems
Four specific problems were encountered when identifying the charcoal types from the
Mayumbe soil profiles: (i) anatomical similarity amongst different charcoal types, (ii)
inadequate matches between charcoal anatomy and reference wood samples, (iii) varying
degree of anatomical similarity exhibited by fragments assigned to one particular charcoal
type, and (iv) poor preservation of charcoal anatomy. An evaluation system for each of
these obstacles is defined in Table 3.1 and discussed more fully below.
The problem of anatomical similarity amongst different charcoal types arises during the
grouping of the fragments into charcoal types using RLM. Charcoal types either resembled
other types from different soil profiles or resembled a second type within the same profile
(see Table 3.1). The evaluation criterion can be split into two categories namely +++ for a
clear distinction between one charcoal type and the other types, or -- for a degree of
similarity shared with the one charcoal type under study and at least one other type (Table
3.1).
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The second problem, i.e. inadequate match between a charcoal type and reference wood
samples housed in the Tervuren xylarium, occurs during the comparative phase. After
identification, the wood species (one or more) that show closest anatomical similarity to the
charcoal type are retained and an ‘anatomy rank’ assigned to that charcoal type. This rank
reflects the degree of similarity between the anatomy of the charcoal type under study and
that of the reference material. A ranking system is used where +++ and ++ equate to an
‘almost perfect match’ with respectively two or more than two species. Furthermore + and -
equate to a ‘moderate match’ with respectively two or more than two species. Finally --
indicates a poor match with the reference material (see Table 3.1). The preferred outcome
would be that the charcoal type under study matches just one extant species almost
perfectly (i.e. rank +++). However, more usually identification rests with a group of species
(i.e. several retained species, ranks ++ or -). The inability to identify the charcoal type to a
single species reflects that the anatomy of several species within one genus simply do not
possess distinct anatomical features that can be used to separate them. This inability
hampers palaeobotanical interpretation especially when the retained species have varying
habitat preferences (see also Höhn & Neumann, 2012).
The third problem, i.e. varying degree of anatomical similarity exhibited by fragments
assigned to a particular charcoal type, occurs when charcoal fragments from both juvenile
and mature wood are present or when stem wood and distorted branch axil wood are both
represented. The evaluation criterion is divided into two categories, namely +++ when all
fragments in one charcoal type are similar and -- when discrepancies occur within the
charcoal type (Table 3.1).
The fourth problem encountered is that concerning the preservation of the fine anatomical
features needed for identification. Structural modifications of the anatomy can occur prior to
charcoalification, during the charcoalification process itself or from limited post-depositional
processes which can affect the degree of preservation (or ‘clarity’). The charcoal clarity
classes are distinguished based on the relative clarity of the representative fragments
examined under SEM and HT-µCT and in particular the visibility of intervessel pits (see
Table 3.1 for details). Briefly, charcoal anatomy can be regarded as very clear if most
features are clearly visible and is thus ranked as +++ or ++; it is moderately clear (+ or -) or
very unclear (--) if respectively some or most features (e.g. ray cells) are obscured or
distorted due to fissures, coatings etc.
Table 3.1 (next page) evaluation of the four specific problems (1) – (4) encountered during
the identification of twelve charcoal types from a species-rich biome in Central Africa
(Mayumbe, DRC). For each problem encountered, the charcoal types were assigned an
evaluation class ranging from +++, to -- (see text for further details).
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Charcoal type Fig. evaluation of problems family name retained species
(1) (2) (3) (4)
ANA PSE MIC 1, 2 +++ +++ +++ ++ Anacardiaceae Pseudospondias microcarpa (A. Rich.) Engl.
APO ANC PYR 5 +++ +++ +++ +++ Apocynaceae Ancylobothrys pyriformis Pierre
ANN ANN LEB 3 -- - +++ ++
Annonaceae Annickia lebrunii (Robyns & Ghesq.) Setten & Maas
Annonaceae Xylopia phloiodora Mildbr.
Annonaceae Xylopia rubescens Oliv.
Annonaceae Xylopia staudtii Engl. & Diels
Annonaceae Xylopia gilbertii Boutique
ANN XYL AUR 3 -- - +++ +++
Annonaceae Xylopia parviflora (A. Rich.) Benth.
Annonaceae Xylopia villosa Chipp.
Annonaceae Xylopia aurantiiodora De Wild. & T. Durand
Annonaceae Xylopia gilbertii Boutique
Annonaceae Xylopia tomentosa Exell
ANN XYL HYP 4 -- ++ +++ +++
Annonaceae Xylopia cupularis Mildbr.
Annonaceae Xylopia hypolampra Mildbr.
Annonaceae Xylopia toussaintii Boutique
Annonaceae Xylopia katangensis De Wild.
ANN XYL AET 4 -- + -- +++ Annonaceae Xylopia aethiopica (Dunal) A. Rich.
RUB NAU SPP 7 -- - -- +
Rubiaceae Nauclea diderrichii (De Wild.) Merr.
Rubiaceae Nauclea vanderguchtii (De Wild.) E.M.A. Petit
Rubiaceae Sarcocephalus latifolius (Sm.) Bruce
Rubiaceae Sarcocephalus pobeguinii Pobeg.
Rubiaceae Nauclea xanthoxylon (A.Cheval.) Aubrev.
MYR SYZ GUI 8 -- - -- +
Moraceae Ficus louisii Lebrun & Boutique ex Boutique & J.Léonard
Myrtaceae Syzygium guineense (Willd.) DC.
Myrtaceae Syzygium staudtii (Engl.) Mildbr.
Moraceae Ficus cordata Thunb.
RUB COR SPP 9 -- - +++ ++
Rubiaceae Corynanthe pachyceras K. Schum.
Rubiaceae Corynanthe paniculata Welw.
Rubiaceae Pausinystalia johimbe Pierre ex Beille
Rubiaceae Pausinystalia talbotii Wernham
Rubiaceae Pausinystalia zenkeri W. Brandt
Rubiaceae Hallea rubrostipulata (K. Schum.) J.-F. Leroy
Rubiaceae Craterispermum triflora (K.Schum.) Thonn.
CAE GUI SPP 10 -- ++ +++ +
Caesalpinioideae Guibourtia arnoldiana (De Wild. & T. Durand) J. Léonard
Caesalpinioideae Guibourtia demeusei (Harms) J. Léonard
Caesalpinioideae Guibourtia ehie (A. Chev.) J. Léonard
Caesalpinioideae Guibourtia pellegriniana J. Léonard
Caesalpinioideae Guibourtia coleosperma (Benth.) J. Léonard
RUB AID MIC 10 -- - -- --
Rubiaceae Aidia micrantha (K. Schum.) Bullock ex F. White
Rubiaceae Euclinia longiflora Salisb.
Rubiaceae Chomelia flaviflora Hutch. & Dalz.
Rubiaceae Gardenia ternifolia Schumach. & Thonn.
Rubiaceae Leptactina arnoldiana De Wild.
Rubiaceae Tricalysia pallens Hiern
Rubiaceae Tricalysia aequatoria E. Robbrecht
CAE AFZ SPP 6 -- ++ +++ +++
Caesalpinioideae Afzelia bella Harms
Caesalpinioideae Afzelia bipindensis Harms
Caesalpinioideae Afzelia pachyloba Harms
Caesalpinioideae Afzelia africana Sm.
Caesalpinioideae Afzelia peturei De Wild.
Caesalpinioideae Afzelia quanzensis Welw.
(1) Anatomical similarities amongst
different types
+++ similarity with no or only one other type
-- similarity with two or more other types
(2) Inadequate match between
charcoal type and reference material
+++ almost perfect match with only one species
++ almost perfect match with more than one species
+ moderate match with only one species
- moderate match with more than one species
-- poor match with one or more species
(3) Variability within a charcoal type +++ all fragments belonging to the charcoal type are similar
-- some fragments seem to differ from others belonging to the same type
(4) Poor preservation of charcoal
anatomy
+++ general anatomy and intervessel pits very clear
++ general anatomy very clear but intervessel pits unclear, requiring nanoCT
+ general anatomy moderately clear and intervessel pits clearly visible
- general anatomy moderately clear and intervessel pits unclear, requiring nanoCT
-- general anatomy very unclear
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3.3 Results and discussion
3.3.1 Selected charcoal types and evaluation of the four problems encountered
From the seven profiles excavated, 84 charcoal types were identified (see chapters 4, 5, 6
and 7). Table 3.1 presents 12 charcoal types used to illustrate the four problematic criteria
discussed above and the evaluation with each charcoal type. Anatomical similarity amongst
different charcoal types is frequently encountered as confirmed by ten of the 12 charcoal
types studied here (Table 3.1). These ten types resemble more than two other charcoal
types whilst the remaining two charcoal types resemble only one other type. These two
charcoal types attaining a +++ rank exhibit a distinct combination of anatomical characters:
ANA PSE MIC has very large ray cells combined with aliform parenchyma and large
intervessel pits (7-10 µm) representing an almost perfect match with Pseudospondias
micrantha. APO ANC PYR has large vessels, laticifers and uniseriate rays and matches
Ancylobotrys pyriformis almost perfectly.
With regard to inadequate matches between charcoal anatomy and reference wood
samples following identification, the charcoal types generally receive a ranking of either
very good (+++ and ++) or moderate (+ and -) suggesting that good matches are often
made between reference wood samples and charcoal types. However, even though
matches are good, there are usually more than two matching species retained (i.e. ++ and -
in Table 3.1), preventing identification to species level.
Varying degree of anatomical similarity exhibited by fragments assigned to a particular
charcoal type and poor preservation of charcoal anatomy both appear to be less important
than the first two problems encountered (Table 3.1). This implies that charcoal fragments
assigned to a certain charcoal type resemble the representative charcoal fragment used for
SEM and HT-µCT and that the charcoal anatomy was relatively well-preserved.
Table 3.1 allows the distinction between successful and less successful identifications by
comparing the evaluation results for each of the four problems encountered. For example,
charcoal type APO ANC PYR has obtained a good score for each of the four problems. This
charcoal type has a very distinct anatomy and resembles only one species perfectly.
Conversely, charcoal type RUB AID MIC scores badly or moderately for each of the four
problems with some charcoal fragments seeming to differ from the representative fragments
used for SEM and HT-µCT, and charcoal anatomy is poorly preserved. This type resembles
one other charcoal type in the same soil profile and five charcoal types in other profiles.
Furthermore, seven species were retained after identification, including Aidia micrantha
(occurring in primary rainforest), Euclinia longiflora (from secondary rainforest) and
Tricalysia pallens and Gardenia ternifolia (both from woodland savanna) (Burkill, 1985;
African Plants Database, 2012). As such, it is unclear from which vegetation type charcoal
type RUB AID MIC might have originated.
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3.3.2 Complementary imaging
An overview of the four microscopy techniques is presented in Table 3.2 in relation to
image process, speed, detail obtained and trade-offs. Reflected Light Microscopy was only
used for fast grouping of charcoal fragments into types. It was not used for imaging
because the surfaces of the Mayumbe specimens were mostly not flat and the anatomy
sometimes damaged.
SEM (Figure 3.1A) and HT-µCT (Figure 3.1B) imaging are highly compatible. Yet even
though SEM can provide sharpness and fine detail (e.g. septae in Figure 3.1A2) an
important disadvantage of SEM is the possible damage caused through hand fracturing
(e.g. Boutain et al., 2010) (Figure 3.1A1 and 1A3). Often radial longitudinal sections are
very unclear (e.g. Figure 3.1A3). Conversely HT-µCT is a non-destructive visualization
technique (e.g. the clear transverse section illustrated in Figure 3.1B1) allowing the
production of virtual volumes that can be resliced in any direction, often revealing a
complete view of the ray structure (Figure 3.1B3). HT-µCT allows almost unlimited ‘slicing’
of the charcoal sample (compared with the one section on offer with SEM) (cf. Van den
Bulcke et al., 2009). This is illustrated in Figure 3.1B4 which presents a second radial HT-
µCT image of the same charcoal fragment shown in Figure 3.1B3. However the resolution
of HT-µCT is not as high as in SEM and fibre septae and pits are not visible. The HT-µCT
images presented here have a voxel pitch of approximately 2.5 µm (Table 3.2), which
allows visualization of cells but not of sub-cellular details.
Details such as vessel-ray pitting or intervessel pitting can also be difficult to detect under
SEM. For example most of the vessel walls in charcoal type ANA PSE MIC are covered
with an unidentified deposit – probably non-wood related mineral particles (vessels in
Figure 3.1A and Figure 3.1B). In this case a small charcoal fragment containing a group of
vessels with fewer deposits (Figure 3.2B) was isolated using RLM and scanned with
nanoCT, which incorporates the advantages of both HT-µCT and SEM but does require
skilled manipulation, and batch processing is not yet feasible (e.g. Van den Bulckle et al.,
2009; Mannes et al., 2010). A directed search in reconstructed nanoCT volumes can locate
intervessel walls and intervessel pits (Figure 3.2A) and provide a 3D reconstruction of the
charcoal type focusing on a group of vessels (indicated by ‘a’ in Figure 3.2). More
specifically, an intervessel wall has been targeted on Figure 3.2 (indicated by ‘b’).
Intervessel pits are clear on 3D images (indicated by ‘c’ in Figure 3.2A and 2C), but they
can also be found on re-sliced 2D images if the volume is rotated appropriately in Morpho+
(indicated by ‘c’ in Figure 3.2D). While studying 3D volumes it is possible to combine
several observation planes (e.g. Figure 3.2A where transverse, tangential and radial planes
have been combined into one image) thus obtaining a better understanding of the 3D
anatomical structure. Conversely, 2D images offer the opportunity to undertake precise
measurements of minute characters such as intervessel pits through the use of scale bars
(e.g. Figure 3.2D where the approximate intervessel pit size is about 6 or 7 µm).
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Figure 3.1 illustration of SEM and HT-µCT as two complementary imaging techniques on charcoal type
ANA PSE MIC - A1-A3: SEM images of ANA PSE MIC - scale bars = 200 µm - A1: TS - A2: TLS - A3:
RLS. Note tangential fissure (arrowed in A1) probably caused by hand fracturing; fibre septae
(encircled on A2); unclear surface probably caused by sample preparation (arrowed in A3) obscuring
large parts of the rays - B1-B4: HT-µCT images of ANA PSE MIC fragment 1 - scale bars = 500 µm - B1:
TS - B2: TLS - B3: RLS. Note large parts of the ray are now visible (compare to A3).
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Figure 3.2 illustration of how obscured intervessel pits can be visualized using nanoCT by targeting a
less well-coated intervessel wall on which the intervessel pits can be located by ‘cutting’ through
digital 3D volumes - a: vessel alignment - b: targeted intervessel wall - c: intervessel pits on vessel
element - A: three-dimensional volume - B: TS - scale bar = 200 µm - C: three-dimensional volume - D:
TLS (detail of intervessel pits) - scale bar = 20 µm.
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3.3.3 Visualization of the four problems encountered
Anatomical similarities amongst charcoal types
Different woody species belonging to the same family or genus can be difficult or even
impossible to differentiate simply on their anatomy alone. For example, three charcoal types
(RUB NAU SPP, RUB COR SPP and RUB AID MIC) listed in Table 3.1 belong to the
Rubiaceae, the fourth largest angiosperm family (Mabberley, 2008) in which morphological
and anatomical similarities complicate taxonomy and identification. Each of these three
charcoal types resembles at least three other types belonging to the Rubiaceae, in some
cases from the same soil profile. This is further exemplified by the Annonaceae. All species
retained after identification of charcoal types ANN ANN LEB, ANN XYL HYP, ANN XYL
AUR and ANN XYL AET are assigned to this family (Table 3.1). Figure 3.3 and Figure 3.4
present HT-µCT images of these four charcoal types and clearly illustrate the similarities
between ANN ANN LEB (Figure 3.3A) and ANN XYL AUR (Figure 3.3B) thus complicating
the decision to merge these charcoal types or to keep them separate. Both these types
have uniseriate bands of axial parenchyma, small groups of radially aligned vessels (Figure
3.3A1 and 3B1), and relatively wide (four or more cells) and long (>1mm) rays (Figure
3.3A2 and 3B2). However ANN ANN LEB has clearly one or two rows of upright marginal
ray cells (Figure 3.3A3), a feature lacking in ANN XYL AUR (Figure 3.3B3). The other
Annonaceae types, ANN XYL HYP and ANN XYL AET, also resemble ANN ANN LEB and
ANN XYL AUR, although ANN XYL HYP and ANN XYL AET have fewer radial vessel
alignments and larger vessels (Figure 3.4A1 and 4B1). ANN XYL HYP seems to have a
slightly higher incidence of vessel groupings relative to ANN XYL AET but otherwise these
types are difficult to distinguish from each other.
Inadequate match between charcoal anatomy and reference wood samples
Ideally one charcoal type will only match one woody species from the reference collection
almost perfectly (evaluation +++ in Table 3.1) but in reality only in a few genera have
species with anatomical features characteristic enough to enable identification to this level.
This ‘perfect match’ was found with charcoal type APO ANC PYR (Figure 3.5) where
laticifers in the rays enabled such a match (Figure 3.5A2 and B2). If IAWA features 132r
and 179r are used together on the on-line Inside Wood Database only 17 Central African
species with laticifers are found (Wheeler et al., 2007; Wheeler, 2011; InsideWood, 2012).
Charcoal type APO ANC PYR is thus distinct from all other charcoal types in this study. The
vessels are solitary, very large (150 - 250 µm) and abundant (25 - 32 per mm2) (Figure
3.5A1 and 5B1), similar to those of lianas (Carlquist, 1991; Angyalossy et al., 2011). Rays
are uniseriate but sporadically multiseriate when they contain laticifers (Figure 3.5A2 and
5B2). Charcoal images are very similar to thin sections of the liana Ancylobotrys pyriformis
housed in the modern reference collection (Figure 3.5B).
More usually however, charcoal types match more than just one woody species thus
preventing identification to species level. This is the case for charcoal type CAE AFZ SPP,
which matches six Afzelia species (Table 3.1). HT-µCT images of this charcoal type are
presented in Figure 3.6A and compared with transmitted light images of reference wood
samples of two different Afzelia species from the Tervuren Xylarium Wood Database (2012)
(Figure 3.6B and Figure 3.6C). These species of Afzelia help to illustrate the problem with
differentiating between certain species using wood anatomy (see also Normand & Paquis,
1976).
Chapter 3. Complementary imaging
-61-
Figure 3.3 illustration of two resembling charcoal types belonging to Annonaceae - A1-A3: HT-µCT
images of charcoal type ANN ANN LEB - scale bars = 400 µm - A1: TS with vessel groupings circled -
A2: TLS - A3: RLS with upright marginal ray cells circled - B1-B3: HT-µCT images of charcoal type
ANN XYL AUR - scale bars = 500 µm - B1: TS with vessel groupings circled - B2: TLS - B3: RLS.
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Figure 3.4 illustration of two resembling charcoal types belonging to Annonaceae - A1-A3: HT-µCT
images of charcoal type ANN XYL HYP - scale bars = 500 µm - A1: TS with vessel grouping circled -
A2: TLS - A3: RLS - B1-B3: HT-µCT images of charcoal type ANN XYL AET - scale bars = 500 µm - B1:
TS with vessel groupings circled - B2: TLS - B3: RLS.
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Figure 3.5 illustration of a very succesful identification with an almost perfect match between charcoal
type (APO ANC PYR) and reference material and only one best matching species - A1-A3: HT-µCT
images of APO ANC PYR - scale bars = 500 µm - A1: TS - A2: TLS with laticifers arrowed - A3: RLS -
B1-B3: Transmitted light micrographs of a thin section of a reference wood sample (Tw 34886) of
Ancylobotrys pyriformis - scale bars = 500 µm - B1: TS - B2: TLS with laticifers arrowed and inset
showing intervessel pit detail (scale bar = 10 µm) - B3: RLS.
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Figure 3.6 illustration of one charcoal type resembling several extant woody species - A1-A2: HT-µCT
images of charcoal type CAE AFZ SPP - scale bars = 400 µm - A1: TS - A2: TLS - B1-B2: Transmitted
light micrographs of thin sections of a reference wood sample (Tw 45137) of Afzelia bella - scale bars
= 500 µm - B1: TS - B2: TLS - C1-C2: Transmitted light micrographs of a thin section of a reference
wood sample (Tw 2417) of Afzelia bipindensis - scale bars = 500 µm - C1: TS - C2: TLS - B1-C2
illustrate the similarity between modern species in this genus.
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Anatomical variability in fragments belonging to the same charcoal type
Anatomy of trees and shrubs of the same species can vary significantly between individuals
or even within the same individual depending on the age, presence of traumatic tissue and
distorted wood in branch axils (e.g. Gasson, 1987; Schweingruber, 2007; Carlquist, 1988).
In this study such anatomical variations were also found. Charcoalified juvenile wood is
represented by fragments of charcoal type RUB NAU SPP (Figure 3.7) characterised by
the presence of pith tissue in some fragments (not shown) and converging rays (Figure
3.7A). Figure 3.7B represents both mature and juvenile wood in one fragment of the same
charcoal type. A further example is illustrated by different fragments of charcoal type MYR
SYZ GUI found from the same soil profile. One fragment appears to be derived from
distorted wood (Figure 3.8A) whereas the second (Figure 3.8B) shows typical mature
wood anatomy.
Figure 3.7 anatomical variability in fragments belonging to the same charcoal type (RUB NAU DID) - A:
HT-µCT image of juvenile wood (TS) exhibited by a first charcoal fragment - scale bar = 400 µm - B:
SEM image (TS) of a second charcoal fragment showing both juvenile and mature anatomy - scale bar
= 400 µm.
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Figure 3.8 anatomical variability in fragments belonging to the same charcoal type - A1-A3: HT-µCT
images of charcoal type MYR SYZ GUI (fragment 1) showing distorted anatomy - scale bars = 500 µm -
A1: TS - A2: TLS - A3: RLS - B1-B3: HT-µCT images of charcoal type MYR SYZ GUI (fragment 2)
showing typical mature wood anatomy for comparison - scale bars = 500 µm - B1: TS - B2: TLS - B3:
RLS.
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Poor preservation of charcoal anatomy
Often charcoal is very well-preserved anatomically and classified as ‘very clear’ in Table 3.1
(e.g. charcoal type RUB COR SPP in Figure 3.9). Yet sometimes charcoal can show areas
of distortion and/or fusion probably as a result of the exposure temperature during the
charcoalification process (e.g. charcoal type CAE GUI SPP in Figure 3.10A) (Braadbaart &
Poole, 2008) and is classified as ‘moderately clear’ (Table 3.1). Other fragments exhibit
‘very unclear’ (Table 3.1) charcoal anatomy. This is exemplified by charcoal type RUB AID
MIC exhibiting noticeable splits or fractures (Figure 3.10B1) possibly forming as a result of
long heating time during charcoalification or exposure to a high temperature (Braadbaart &
Poole, 2008; Dias Leme et al., 2010), which can also result in the shrinkage of some
anatomical features such as vessel diameter (Prior & Gasson, 1993; Braadbaart & Poole,
2008).
Figure 3.9 illustration of ‘very clear’ charcoal anatomy preservation as illustrated by charcoal type
RUB COR SPP (SEM images) -- A: TS -- B: TLS -- scale bars = 200 µm.
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Figure 10 illustration of ‘moderately clear’ and ‘unclear’ charcoal anatomy preservation -- A1--A3: SEM
images of ‘moderately clear’ anatomy as illustrated by charcoal type CAE GUI SPP with seemingly
fused aliform parenchyma (circled on A1) and fused ray parenchyma cells (circled on A3); intervessel
pit detail is still visible (A2 inset, scale bar = 10 µm) -- scale bars = 200 µm -- A1: TS -- A2: TLS -- A3:
RLS -- B1--B3: SEM images of ‘very unclear’ anatomy as illustrated by charcoal type RUB AID MIC with
cracks (circled in B1) caused by the charcoalification process; intervessel pit detail can still be visible
(B2 inset, scale bar = 10 µm) -- scale bars = 100 µm -- B1: TS -- B2: TLS -- B3: RLS.
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3.4 Conclusion
Charcoal identification involves understanding and evaluating a number of specific
problems pertaining to the preserved anatomy. This chapter discusses four such problems
namely (i) anatomical similarity amongst different charcoal types, (ii) inadequate matches
between charcoal anatomy and reference thin sections of modern woody species, (iii)
anatomical variability amongst fragments assigned to one charcoal type, and (iv) poor
preservation of charcoal anatomy. Although these problems often impede high taxonomic
identification, complementary imaging techniques can improve identification success
especially when the charcoal under study comes from a species-rich biome (e.g. Central
Africa).
Reflected Light Microscopy (RLM) is advantageous in the grouping of large numbers of
anatomically distinct charcoal fragments. Scanning Electron Microscopy (SEM) and High-
Throughput X-ray Computed Tomography (HT-µCT) are highly compatible and fast
visualization techniques. SEM can provide high resolution imaging necessary for detailed
anatomical study. However the observation field under SEM is limited to small exposed
areas on the surface of the sample and anatomical characteristics can be lost due to
damage caused by hand fracturing in sample preparation. By contrast HT-µCT offers less
detail but does allow unlimited non-destructive ‘reslicing’ of the charcoal sample resulting in
several virtual thin sections. Finally X-ray Computed Tomography at very high resolution
(i.e. nanoCT) can be used to visualise charcoalified features that are obscured for example
by mineral deposits that make visualizing using SEM and HT-µCT difficult. A directed
search in nanoCT volumes allows localisation of ‘veiled’ features such as intervessel pits
under coated surfaces.
Identifying and evaluating such problems in combination with the implementation of
complementary imaging techniques serve to strengthen interpretations pertaining to past
ecosystems and cultures based on studies of charcoalified material.
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Evaluation of identification reliability
Abstract
In this chapter, six identification reliability evaluation criteria have been defined and applied
on 84 identified charcoal types from the 14 charcoal assemblages discussed in this PhD.
The reliability evaluation criteria are anatomy-related (A. charcoal clarity, B. variability within
type, C. similarity amongst different types, D. match with reference material) or
phytosociology-related (E. phytosociological propinquity, F. indicator value in a
phytosociological sense). Criteria D and E are a reflection of the palaeobotanical
interpretation value of the charcoal type within the charcoal assemblage and they were
combined to develop a 6-class reliability rank. As such, it is possible to separate strong
identifications (e.g. reliability classes 1 and 2 = 71% of the types) from weaker ones (e.g.
reliability classes 3, 4, 5 and 6 = 29% of the types). If weaker identifications are omitted,
palaeoecological interpretation might be slightly different for certain charcoal assemblages.
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4.1 Introduction
As outlined in chapters 2 and 3, identification of charcoal fragments from species-rich
biomes such as Central Africa is not as straightforward as for relatively species-poor areas
such as Europe. Chapter 2 presents a transparent charcoal identification protocol that
tackles the problems of species-richness and taxonomic synonymy and combines
anatomical, phytosociological and phytogeographical metadata for a large number of
species within an umbrella database. The protocol has been evaluated in terms of species-
richness, power (% of species for which anatomical information is available), flexibility,
uncertainty and compatibility with pollen analysis. Chapter 3 presents how compatible
imaging techniques can be used to visualize and describe charcoal anatomy and detect
difficulties of a purely anatomical nature. By defining and quantifying these difficulties,
strong identifications can be separated from weaker ones.
However, a difficulty that has not been addressed yet is the fact that charcoal types cannot
always be identified down to species level. Sometimes many species are retained after the
identification protocol and have to be considered for palaeoecological interpretation,
although their habitat preferences sometimes differ. Moreover, species ecology is not
always properly defined. Therefore, it can be useful to highlight the presence of well-known
indicator species for certain vegetation types.
The main objective of this chapter is to develop an identification reliability evaluation system
based on four anatomy-related difficulties (cfr. chapter 3) and two phytosociology-related
difficulties. Secondly, this evaluation system is applied to each of the 84 identified charcoal
types from the seven profiles used for palaeoecological interpretation and palaeobotanical
reconstruction in PART II of this PhD. Radiocarbon dates and calibrations are presented in
chapter 5 for profiles CZ1, CZ2, CZ3, UH48; in chapter 6 for the Lukula profile and in
chapter 7 for profiles KS8, KS9. Per charcoal type, an ID card including all necessary data
for each ranked species is presented in Appendix 2.
4.2 Reliability evaluation criteria
Three of the seven profiles used for palaeobotanical interpretation in PART II were stratified
(CZ3, KS8, KS9), yielding several charcoal assemblages that originated from different
palaeofires. Table 4.1 presents an overview of all reliability evaluation criteria and the
results for each of the 14 charcoal assemblages that have been studied. Species-richness
of the assemblages ranges from 1 to 14 identified charcoal types, with one outlier of 25
types (Lukula profile). Some assemblages also contain charcoal types that were derived
from very young juvenile wood which can differ so much from mature wood that it is
impossible to identify it. Moreover, some charcoal assemblages contain charcoal fragments
that are derived from mature wood but from which the anatomy is too much deformed for
proper identification. Finally, some assemblages contain charcoal derived from bark or
unidentifiable tissue. All these unidentifiable charcoal types are not discussed in this
chapter.
The deepest and oldest charcoal assemblages yield fewest charcoal types (e.g. KS8, 120-
140 cm; CZ3, 40-140 cm). Figure 4.1 presents an R² of 0.205 for exponential regression
between age and number of charcoal types in the assemblages from the Mayumbe. This
inverse relationship could be due to differential post-depositional weathering processes,
whereby certain species are more prone to fragmentation than others (Théry-Parisot et al.,
2010). Fragments become progressively smaller over time, which makes it more difficult to
find them when excavating pedoanthracological profiles.
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The total number of counted charcoal types in Table 4.1 is 118 because 26 of the 84 types
occur in two, three or four different charcoal assemblages. Table 4.2 presents the
occurrence of the 84 charcoal types in the 14 charcoal assemblages, along with the highest
anatomy rank, the number of highest ranked species, the vegetation types in which the
highest ranked species occur and the scores for the reliability evaluation criteria. Some
charcoal types occur in different stratigraphic layers within the same profile (e.g. MIM SAM
LEP, CHR PAR SPP), which suggests that these species persisted on that site for a time-
span covering the palaeofires that formed the charcoal assemblages in which they occur.
The most prominent example is MIM SAM LEP, which probably persisted on the KS8 site
from around 2300 until 750 cal yr BP. Other charcoal types occur in several profiles (RUB
NAU SPP, MYR PYC ANG).
Figure 4.1 Exponential regression between age and amount of charcoal types in 13 charcoal
assemblages from the Mayumbe. One charcoal assemblage yielding an age exceeding 43500 cal yr BP
(profile CZ3) has been excluded.
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Table 4.2 overview of the occurrence of the charcoal types in 14 different assemblages, their
scores for all 6 evaluation criteria and their reliability rank.
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Table 4.2 (continued)
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4.3 Discussion
4.3.1 Anatomy-related reliability evaluation criteria
A. Clarity of charcoal anatomy
Charcoalification and weathering in soils cause fissures, deformities or impurities, obscuring
the charcoal anatomy. A particular example is the formation of coatings on vessel walls,
originating from wood-related (resins, gums) or non-wood related (minerals, fungal hyphae)
deposits (chapter 3; e.g. Prior & Gasson, 1993; Figueiral & Mosbrugger, 2000; Scheel-
Ybert, 2000; Scott, 2000; Scott & Glasspool, 2007; Bird et al., 2008; Braadbaart & Poole,
2008; Di Pasquale et al., 2008; Théry-Parisot et al., 2010; Ascough et al., 2011). Also,
charcoal structure can be obscured during hand-breaking and mounting on sample holders.
Table 4.1 distinguishes five different charcoal clarity classes, ranging from - - to +++, based
on a combination of two characteristics. A first characteristic is ‘general clarity of the
charcoal anatomy’, which is subject to the opinion of the anthracologist. A second
characteristic is presence of intervessel pits. If intervessel pits are obscured, they can
sometimes be found using nanoCT as illustrated in chapter 3 and Figure 4.2. Results from
Table 4.1 suggest that charcoal anatomy is very clear for 53%, moderately clear for 39%
and unclear for only 8% of the charcoal types. Intervessel pits are unclear in only 14% of
the charcoal types. For these charcoal types, a small charcoal fragment containing a group
of vessels with fewer deposits can be isolated using RLM, mounted on a sample holder and
scanned with nanoCT (see chapter 3, Figure 3.2). A directed search in reconstructed
nanoCT volumes can locate intervessel walls and intervessel pits. An example for charcoal
type MIM PAR SPP is presented in Figure 4.2.
Figure 4.2 localisation of intervessel pits on charcoal type MIM PAR SPP in a three-dimensional
nanoCT volume.
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B. Variability within type
Intraspecific variability and intra-tree variability are well-known problems inherent in wood
and charcoal identification (e.g. Carlquist, 1988; Falcon-Lang, 2005). As such, the
possibility exists that several fragments belonging to the same species slightly differ. An
example is the difference between juvenile and mature wood or between regular stem wood
and curly branch axil wood (chapter 3). Also, charcoal fragments sometimes seem to differ
due to deformities of the anatomical structure. This is illustrated in Figure 4.3, presenting
SEM images of two fragments belonging to the same charcoal type (RUB AID MIC). Both
fragments were found within the same charcoal assemblage (profile CZ1). Anatomy of the
transversal surface seems to differ. To the left (fragment 1.4.3; Figure 4.3A), vessels seem
to have an angular outline and fibres seem to be relatively thick-walled, in contrast to the
image on the right (fragment CZ1.3.9; Figure 4.3C). However, these differences could be
due to deformities in both fragments as the anatomy is obviously heavily disturbed due to
fissures in both fragments. Indeed, the ray structure seems to be similar on tangential
surfaces (Figure 4.3B and Figure 4.3D). Yet, this difficulty was only an issue for 29% of the
identified charcoal types (Table 4.1).
Figure 4.3 A-B SEM images of charcoal type RUB AID MIC, fragment CZ1.4.3 (A=Tv, B=Tg). C-D SEM
images of charcoal type RUB AID MIC, fragment CZ1.3.9 (C=Tv, D=Tg).
C. Similarity between types
A very important difficulty is mutual resemblance of charcoal types, either from the same
assemblage or from other assemblages within the same profile or from other profiles. If
differences between two types are minor and if identification results are very similar after
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identification phase one (IP1, chapter 2), the charcoal types are merged into one type. An
example is charcoal type MIM SAM LEP which occurs in three different stratigraphic
intervals in profile KS8. This type was initially separated into three different types that were
merged when identification results appeared to be the same. Charcoal types are similar but
kept as two separate types when they share one or more lower ranked species. An
example is given in Table 4.3 for charcoal types APO TAB IBO and FLA ONC SPP, which
both have the same two Antidesma spp. as lower ranked species.
According to Table 4.1, 83% of the charcoal types resemble two or more other types. For
each charcoal type, all resembling woody species are listed in its ID card presented in
Appendix 2. A maximum is 10 resembling types (CAE ANT SPP). Only 9 charcoal types
resemble no other types. Examples are CLU MAM AFR and PAS PAR GRE, which exhibit
relatively rare anatomical features such as large radial canals and a majority of upright ray
cells, respectively (Figure 4.4).
Figure 4.4 A. resliced X-ray tomographic images of charcoal type PAS PAR GRE (R), featuring mostly
square and upright ray cells. B. transmitted light micrograph of a reference wood sample (R) (Tw 7150)
of Paropsia grewioides Welw. ex Mast. C. resliced X-ray tomographic image of charcoal type CLU
MAM AFR (Tg), featuring very large radial canals. D. transmitted light micrograph of a reference wood
sample (Tg) (Tw 850) of Mammea africana Sabine.
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D. Match with reference material
During the last phase of the identification protocol (IP4), the charcoal type is compared to
thin sections of woody species from the Tervuren xylarium (chapter 2). At the end of this
phase, one or more woody species are retained and ranked according to their degree of
resemblance with the charcoal anatomy. They are all given a probability rank using a 10-
point grading system (see chapter 2, paragraph 3.2). Half of the points of the ranking
system consider anatomical resemblance of the charcoal type with woody species from the
RMCA reference collection (= ANATOMY RANK). If a woody species resembles the
charcoal anatomy perfectly, 5 points should be attributed. The other 5 points of the ranking
system consider the distribution area (= DISTRIBUTION RANK; for details: see chapter 2).
Based on the list of ranked species, a 5-class evaluation criterion has been developed,
using the highest anatomy rank of the retained species on the one hand and the number of
retained species on the other hand (Table 4.1). If the highest ranked woody species
resemble the charcoal anatomy almost perfectly or very well, they get an anatomy rank of
5/5 or 4/5 respectively. If there are less than three such species, the type gets an evaluation
of “+++” or “+” respectively. If there are three or more, it gets a slightly worse evaluation of
“++” or “-” respectively (Table 4.1). An example is charcoal type FLA ONC SPP, for which
the highest anatomy rank is 5/5 for four highest ranked species (Table 4.2 and Table 4.3).
As such, the type gets an evaluation of “++” (Table 4.2). If woody species resemble the
charcoal anatomy only moderately, the type gets the worst evaluation (- -) and the number
of retained species is not taken into account. An example is APO TAB IBO (Table 4.2 and
Table 4.3).
98% of the charcoal types are equally spread over the first four classes of the criterion (-,
+,++,+++), which means that resemblance between charcoal and retained woody species is
almost perfect or at least very well. For 53%, there are more than two highest ranked
species, which could possibly complicate palaeobotanical interpretation, depending on the
ecology of all highest ranked species (see next criterion). Only four charcoal types are
classified in the worst class (- -): APO TAB IBO, PHY BRI MIC, DIC DIC MAD and ULM
CEL SPP (Table 4.2).
4.3.2 Phytosociology-related reliability evaluation criteria
E. Phytosociological propinquity
If the highest ranked species have similar habitat preferences, palaeobotanical
interpretation is unambiguous and the charcoal type gets a good (+) evaluation. According
to Table 4.1 and Table 4.2, 72% of the charcoal types are unambiguous. An example of an
ambiguous type is FLA ONC SPP (Table 4.2 and Table 4.3). Four woody species are
ranked highest and resemble the charcoal anatomy almost perfectly. Only Oncoba dentata,
Oncoba mannii and Oncoba crepiniana occur in the southern Mayumbe today. However,
phytosociological characteristics of these species are very ambiguous. Oncoba dentata is
an indicator species for secondary rainforest (Lebrun & Gilbert, 1954), whereas Oncoba
mannii is typical for mature rainforest and Oncoba crepiniana is a regenerating savanna
woodland species (African Plants Database, 2012).
F. Indicator value
Lists of indicator species were added to the Woody Species Database as outlined in
chapter 2 (see also Hubau et al., 2012). Definitions of Central African vegetation types
have been described by Lebrun & Gilbert (1954). For each vegetation type, they presented
a list of species that are abundant or particularly typical (= indicator species). These
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vegetation types are: (1) ombrophilous evergreen rainforest; (2) mesophilous semi-
deciduous rainforest; (3) tropophilous (dry) woodland savanna; (4) sclerophilous forest; (5)
edaphic moist forest and (6) secondary regrowth. Secondly, a list of old-growth rainforest
indicators belonging to the subfamily of Caesalpinioideae has been included (Leal, 2004).
If one or more of the highest ranked species are included in one of these species lists, the
charcoal type gets a good evaluation (+).According to Table 4.1 and Table 4.2, 77% of the
charcoal types have at least one retained species with indicator value. An example is FLA
ONC SPP (Table 4.2 and Table 4.3), for which Oncoba dentata is listed as an indicator
species for secondary rainforest by Lebrun & Gilbert (1954).
4.3.3 Reliability rank
The most important evaluation criteria are D (resemblance with woody species) and E
(phytosociological propinquity) because they reflect the palaeobotanical interpretation value
of a charcoal type within the charcoal assemblage. A combination of both criteria yields a 6-
class reliability rank (Table 4.1 and Table 4.2). The first three classes contain the
phytosociologically unambiguous charcoal types with almost perfect (reliability class 1), very
good (class 2) or only moderate (class 3) resemblance between charcoal and wood
anatomy. The first two classes account for 71% of the charcoal types.
The last three classes (reliability classes 4, 5 and 6) contain the phytosociologically
ambiguous charcoal types (28%). If all these types are expelled from the assemblage,
palaeobotanical interpretation can be different. As an example, Table 4.4A presents the five
complete charcoal assemblages of profile KS8 whereas Table 4.4B presents the charcoal
assemblages without the ambiguous charcoal types (RUB NAU SPP, RUB MIT INE, MIM
SAM LEP, COM PTE SPP). The assemblage in the upper 20 cm could be derived from a
rather open woodland savanna type that is being colonised by pioneer species (MYR PYC
ANG) and where some mature rainforest species are still present (CAE SCO ZEN). Yet,
when ambiguous types are removed, the woodland savanna aspect disappears and the
assemblage only reflects pioneer and mature rainforest elements. However, interpretation
for the other five assemblages does not change much as they remain dominated by mature
rainforest types.
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Table 4.4 A. the five complete charcoal assemblages of profile KS8, including the reliability rank for
each charcoal type. Radiocarbon dates are presented in Table 4.1. B. the same assemblages without
the charcoal types with a reliability rank lower than 3. The interpretation of the 0-20 cm assemblage
might be different as all woodland savanna types were omitted.
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4.4 Conclusion
Six identification reliability evaluation criteria have been applied on 84 identified charcoal
types from 14 charcoal assemblages, which each contain between 1 and 25 charcoal types.
A. Clarity: Charcoal anatomy is very clear for 53%, moderately clear for 39% and
unclear for only 8% of the charcoal types. Intervessel pits are unclear in only 14% of
the charcoal types.
B. Variability within type: Only 29% of the identified charcoal types yielded some
intra-type variability.
C. Variability between types: 83% of the charcoal types resemble two or more other
types, with a maximum of 10 resembling types. Only 9 charcoal types resemble no
other types.
D. Resemblance with reference material: After identification, one or several species
are retained and ranked according to their resemblance with the charcoal type
anatomy. 98% of the charcoal types resemble their highest ranked woody species
almost perfectly or at least very well, while only four charcoal types resemble their
highest ranked species only moderately. For 53%, there are more than two highest
ranked species, which could possibly complicate palaeobotanical interpretation,
depending on the ecology of all highest ranked species.
E. phytosociological propinquity: For 72% of the charcoal types, the highest ranked
species have similar habitat preferences.
F. Indicator value: 77% of the charcoal types have at least one highest ranked
species with indicator value.
Criteria D and E reflect the palaeobotanical interpretation value of a charcoal type within the
charcoal assemblage. Therefore, a 6-class reliability rank has been developed combining
these two criteria. This classification system has been applied on the 84 identified charcoal
types used in this PhD:
37% of the studied charcoal types have phytosociologically unambiguous highest
ranked species which resemble the charcoal anatomy almost perfectly (class 1).
34% of the charcoal types have phytosociologically unambiguous highest ranked
species which resemble the charcoal anatomy very well (class 2).
1% of the charcoal types have phytosociologically unambiguous highest ranked
species which resemble the charcoal anatomy only moderately (class 3).
13% of the charcoal types have phytosociologically ambiguous highest ranked
species which resemble the charcoal anatomy almost perfectly (class 4).
14% of the charcoal types have phytosociologically ambiguous highest ranked
species which resemble the charcoal anatomy very well (class 5).
1% of the charcoal types have phytosociologically ambiguous highest ranked
species which resemble the charcoal anatomy only moderately (class 6).
As such, it is possible to separate strong identifications (e.g. reliability classes 1 and 2) from
weaker ones (e.g. reliability classes 3, 4, 5 and 6). If weaker identifications are omitted,
palaeoecological interpretation of the charcoal assemblage might be slightly different.
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Finally, one should keep in mind that identification of charcoal from species-rich biomes will
always be to a large extent interpretation. Although the evaluation system presented here
allows to differentiate between ‘good’ and ‘worse’ identifications, it does not provide an
absolute solution for the uncertainty that will always exist.
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Abstract
Charcoal was sampled in four soil profiles at the Mayumbe forest boundary (DRC), a region
expected to be sensitive to climate change. Five fire events were recorded, 44 charcoal
types were identified. One stratified profile yielded charcoal assemblages around 530 cal yr
BP and > 43.5 ka BP in age. The oldest assemblage precedes the period of recorded
anthropogenic burning, illustrating occasional long-term absence of fire, but also natural
wildfire occurrence within tropical rainforest. No other charcoal assemblages older than
2500 cal yr BP were recorded, perhaps due to bioturbation and colluvial reworking. The
recorded palaeofires were possibly associated with short-lived climate anomalies.
Progressively dry climatic conditions since ca. 4000 cal yr BP onward did not promote
palaeofire occurrence until increasing seasonality affected vegetation at the end of the third
millennium BP, as illustrated by a fire occurring in mature rainforest that persisted until
around 2050 cal yr BP. During a drought episode coinciding with the ‘Medieval Climate
Anomaly’, mature rainforest was locally replaced by woodland savanna. Charcoal remains
from pioneer forest indicate that fire hampered forest regeneration after climatic drought
episodes. The presence of pottery shards and oil-palm endocarps associated with two
relatively recent palaeofires suggests that the effects of climate variability were amplified by
human activities.
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5.1 Introduction
Combined reconstruction of past climate variability and ecosystem dynamics increases our
understanding of ecosystem response to current and future climate change (e.g. Willis &
Birks, 2006). Substantial work in temperate and arid regions of the northern hemisphere
contrasts with the significant knowledge gaps that continue to exist for many tropical
regions, particularly Central Africa (e.g. Leal, 2001; Emery-Barbier & Thiébault, 2005;
Tchouto et al., 2009; Théry-Parisot et al., 2010; Maley et al., 2012; Neumann et al., 2012b).
A well-known concept in tropical palaeoecology and biogeography is that of the Central
African forest refuges, which are submountainous, fluviatile or coastal regions enjoying
rather moist (micro-) climate conditions thought to protect rainforests during dry climate
anomalies (Maley, 1996, 2004; Sosef, 1996; Maley & Brenac, 1998; Leal, 2001, 2004). Yet
palaeoecological reconstructions suggest that rainforest and other Central African
ecosystems show a remarkably high sensitivity to natural climate changes such as
prolonged drought or increased seasonality (e.g. Maley, 1996, 2001, 2004; Ngomanda et
al., 2007, 2009a, 2009b). Also, human activity cannot be overlooked when discussing
climate and vegetation changes during the last three millennia, when agriculture and iron
smelting were introduced in Central Africa, even though before the last millennium human
impact on Central African forests was probably marginal (e.g. Maley, 1996, 2004; Brncic et
al., 2007; Maley et al., 2012; Neumann et al., 2012b).
The most important source of evidence for the climate and vegetation history of Central
Africa are lake-sediment records (e.g., Russell & Johnson, 2005, 2007; Stager et al., 2009)
and the fossil pollen they contain (e.g. Maley, 1996, 2004; Maley & Brenac, 1998; Brncic et
al., 2007; Hessler et al., 2010). These studies provide high-resolution temporal records from
a select few locations with undisturbed lacustrine sedimentation, but do not offer great
spatial detail. In contrast, macrocharcoal fragments can be found in terrestrial soils of any
type of vegetation, reflecting local palaeofire regimes. Also, the analysis of soil charcoal
from profiles in natural environments (pedoanthracology) is not influenced by the effects of
fuelwood selection strategies, as observed in charcoal analysis from archaeological sites
(archaeoanthracology) (Di Pasquale et al., 2008; Théry-Parisot et al., 2010). Anthracology
has proven to be a useful tool for reconstructing Holocene palaeofire regimes in natural
environments, especially in the forest boundary of submountainous regions (Carcaillet &
Thinon, 1996; Carcaillet et al., 1997; Di Pasquale et al., 2008). Additionally, soil charcoal
analysis can reveal the past presence of woody plant taxa that are only rarely detected in
pollen assemblages (Elenga et al., 2000; Lebamba et al., 2009). As a result, pedo-
anthracology is highly complementary with palynology for reconstruction of past vegetation
dynamics (Emery-Barbier & Thiébault, 2005; Théry-Parisot et al., 2010; Hubau et al., 2012).
Hitherto, only a handful of studies on soil charcoal in Central Africa included the
identification of charred wood remains, due to the high species-richness of the area and
lack of a scientifically sound identification procedure (e.g. Schwartz et al., 1990; Hart et al.,
1996). Recently, Hubau et al. (2012) developed a transparent identification protocol that
can allow a taxonomically more precise identification than generally obtained by pollen
analysis (see also Chapter 2). The main objective of this chapter is to contribute to
knowledge of Central African palaeofire and vegetation history, by applying this protocol to
soil charcoal assemblages from an area of the Congolese rainforest that is expected to be
sensitive to climate change. We selected a non-archaeological study site (the Luki Reserve)
at the southern end of the Mayumbe hills in the Democratic Republic of the Congo, ( DRC),
which are thought to have served as a submountainous forest refuge during late
Pleistocene and Holocene episodes of climate deterioration (e.g. Sosef, 1996; Maley, 1996,
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2004). Dry or more seasonal climate conditions result in forest regression and
fragmentation, particularly at forest boundaries. However, little is known about patterns of
past forest fragmentation in Central Africa at the local scale (e.g. Tchouto et al., 2009) and
about the role of fire, which even in tropical rainforests is one of the most important causes
of forest destruction (Cochrane et al., 1999; Cochrane, 2003). Therefore, specific research
questions for this chapter are: (1) what was the temporal and spatial occurrence of fire in
the southern Mayumbe? (2) How consistent are anthracological reconstructions with known
palaeoclimate? (3) Were palaeofires only caused by climatic anomalies or also by humans?
5.2 Material and methods
5.2.1 Study area
The Lower Guinean rainforest is separated from the West African rainforests by the
Dahomey Gap in Togo and Benin and from the eastern part of the rainforest by the swamps
of the Ubangi and Congo Rivers (Leal, 2004). The Mayumbe is a chain of forested hills
stretching along the Atlantic Ocean from Gabon down to the Luki reserve, which is located
in the Bas-Congo province of the DRC, between 05° 45.00’ S and 05° 70.00’ S and
between 13°05.00’ E and 13°30.00' E (Figure 5.1). With the establishment of the Luki
reserve in 1937, its forests, soils and possible charcoal archives have been safeguarded
from intense anthropogenic disturbance. As part of the ‘Man and Biosphere’ (MAB)
programme of UNESCO, a tripartite conservation zonation was applied, including a fully
protected ‘central zone’, which contains an important relict of the semi-evergreen
subequatorial Guinean rainforest that once covered the entire Mayumbe hills (e.g. Donis,
1948; Lebrun & Gilbert, 1954). However, its position at the southernmost edge of the
Mayumbe forest (Figure 5.1A) makes this forest relict vulnerable to climate change,
involving natural forest fragmentation.
5.2.2 Charcoal sampling and profile description
Four pedoanthracological profiles were excavated in the Luki reserve (Figure 5.1). One
profile was located in the peripheral UH48 stand (Chapter 1, Chapter 2; Couralet, 2010;
Hubau et al., 2012) and three in the central zone (CZ1, CZ2, CZ3) of mature rainforest
(Figure 5.1B). All profiles were only a few kilometres apart and located at elevations
ranging from 180 to 460 m (Figure 5.1D). Soil charcoal sampling was conducted as
described by Hubau et al. (2012) (see also Chapter 2). For each profile a relatively flat area
was chosen, avoiding steep slopes to minimize the effects of erosion or colluvial
sedimentation (see Figure 5.1D, including information on relief). Furthermore, all sampling
sites were well-drained and located outside former agricultural fields (see Carcaillet &
Thinon, 1996). Figure 5.1C presents a distribution map of soil types in the Luki reserve
based on the soil map of Bas-Congo presented by Van Ranst et al. (2010).
Next, exploratory holes were drilled with an Edelmann auger, down to one metre. A
pedoanthracological profile of 100 cm x 150 cm surface area was excavated on a spot
where prospection yielded charcoal and where the soil was relatively dry and penetrable.
All profiles were excavated down to a depth of 140 cm. Deeper charcoal layers were
detected and sampled by augering in the bottom of the profile pit. Charcoal fragments
(largest dimension > 2 mm) were carefully collected by hand, and sorted per depth interval
of 20 cm. Specific anthracomass was calculated as described by Carcaillet & Thinon
(1996). Furthermore, thin sections were prepared from undisturbed soil samples, following
polyester impregnation using standard procedures (Murphy, 1986) and micromorphological
features were described applying polarisation microscopy, using the concepts and
terminology of Stoops (2003). These features reveal variations in texture and bioturbation.
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Figure 5.1 A. Location of the Luki reserve on the heavily fragmented southernmost Mayumbe forest
boundary (cf. Mayaux et al., 1997). B. Vegetation map of the Luki reserve. All profiles are located in
mature rainforest relicts although regenerating forest patches are nearby. C. Soil types in the Luki
reserve (after Van Ranst et al., 2010). Type Gb3m (profile CZ1) – soil derived from gneiss, with
advanced ABtC profile development (Acrisol; WRB, 2006), typically reddish, highly weathered, well
drained, with sandy clay texture, often limited by gravel at 50-100 cm depth. Type Qd3m (profiles CZ2,
CZ3 and UH48) – soil derived from quartzite, with advanced ABtC development (Acrisol; WRB, 2006),
typically yellowish, highly weathered, well drained, with sandy clay-loam to sandy loam texture, often
limited by gravel at 50-100 cm depth. Type A (close to profile UH48) – deep alluvial soil, with ABwC
profile development, imperfectly to moderately drained (Gleysol; WRB, 2006), with sandy loam texture,
generally not limited by gravel above 100 cm depth. D. Elevation map of the Luki reserve. Profiles CZ1
and CZ2 are excavated on the relatively flat central hillcrest known as Ndiondio. Profiles CZ3 and
UH48 are excavated far enough from steep slopes to avoid severe erosion or colluvial deposition.
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5.2.3 Charcoal description, identification and radiocarbon dating
For each profile interval, up to 50 charcoal fragments were analysed using reflected light
microscopy (RLM) following Hubau et al. (2012, 2013) (see Chapter 2, Chapter 3). All
charcoal fragments were grouped into charcoal types, of which each type generally
represents one species. Next, a large fragment of each charcoal type was mounted on a
stub for scanning electron microscopy (SEM). Using SEM images, charcoal types were
described applying the numbered anatomical features used for the on-line InsideWood
database (IAWA Committee, 1989; Wheeler, 2011; InsideWood, 2011; Hubau et al., 2012).
This produces two strings of numbered features. The first string represents primary features
which are easily visible, while the second string represents secondary features which are
variable or unclear. Finally, all charcoal types were identified applying the Central African
identification protocol described by Hubau et al. (2012) (see also Chapter 2).
Soil features and distribution of charcoal types within the profile revealed possible profile
stratification. One charcoal fragment from each stratigraphic interval was selected for AMS
14C measurement at the Poznán Radiocarbon Laboratory (Poland) or Beta Analytic (Florida,
US). In case of ambiguous stratification patterns, two or three charcoal fragments from
different intervals were selected. Calibration was performed with the OxCal v4.1.5 software
(r:5) (Bronk Ramsey, 2009) using the SHCal04 calibration curve (McCormac et al., 2004).
5.2.4 Evaluation of identification reliability
The final result of the charcoal identification protocol is the association of each charcoal
type with a small group of woody plant species, ranked according to their resemblance with
the charcoal type anatomy (Hubau et al., 2012; Chapter 2). Specifically, a 5-point ranking
system was used, whereby 5 points were attributed in the case of perfect agreement
between charcoal anatomy and woody species anatomy. Finally, the charcoal type received
a 9-character label composed of the three first letters of respectively family, genus and
species name of one of the best ranked species (Hubau et al., 2012; Chapter 2). All
identifications were evaluated according to two different reliability criteria. Criterion A
concerns the phytosociological similarity of the retained species, with a good score if all
highest ranked species have similar habitat preferences and a bad score if the highest
ranked species occur in different vegetation types. Criterion B is based on the number of
highest ranked species and their anatomy rank, with a high score for good resemblance
between charcoal and reference wood anatomy. Using these two criteria, the charcoal
types were given a reliability rank ranging from 1 to 6 (for details: see Chapter 4).
5.3 Results
5.3.1 Profile description
Table 5.1 lists the uncalibrated and calibrated ages for all dated fragments. Figure 5.1C
shows the distribution of soil types in the Luki reserve, derived from the soil map of the Bas-
Congo province (Van Ranst et al., 2010), in which parent material composition is used at
the highest taxonomic level. A description of the dominant soil type at each profile is given
in the caption of Figure 5.1. Soils of the Luki area are Humic Acrisols in the WRB system
and Kandiustalfs or Kandiustults in the USDA system (Baert, 1995), characterized by Bt
horizon development (Van Ranst et al., 2010). Our field and soil thin section observations
are largely compatible with this characterization. Figure 5.2 and Figure 5.3 show soil profile
descriptions, soil types, specific anthracomass and charcoal identification results.
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5.3.2 Anthracomass, profile stratification and bioturbation
The numbers presented in Figure 5.2 and Figure 5.3 are the first attempt to quantify
anthracomass in Lower Guinean primary rainforest soils, as previous authors (e.g.
Dechamps et al., 1988; Schwartz et al., 1990; van Gemerden et al., 2003) only present
charcoal assemblage composition. Specific anthracomass of most 20-cm intervals is less
than 25 ppm. Only profile UH48 contains intervals with much higher specific anthracomass
of 121 and 184 ppm, respectively at 30-40 and 40-50 cm depth. These values are
comparable to those in soil profiles in the French Alps, where only two intervals yielded
more than 20 ppm, with a maximum of 124 ppm (Carcaillet & Thinon, 1996).
Pedoanthracological profiles in the Andes yielded a maximum of 300 ppm (Di Pasquale et
al., 2008).
In profile CZ3, rock fragments are abundant below 40 cm depth and a clear contrast exists
between an upper, organic A/AB horizon (0-40 cm) and a lower, argillic 2Bt horizon (40-80
cm). Moreover, two distinct specific anthracomass peaks (22 and 26 ppm) are separated by
a charcoal-poor interval (40-60 cm; 3 ppm), reflecting stratification (e.g. Carcaillet et al.,
1997; Di Pasquale et al., 2008). The charcoal assemblage in the A/AB horizon is dated to
between 626 and 510 cal yr BP whereas that in the 2Bt horizon is older than 43.5 cal yr BP
(Figure 5.3, Table 5.1). Charcoal types occurring in the A/AB horizon do not occur in the
2Bt horizon, except for a few fragments that have probably been transported due to
bioturbation, as indicated by the occurrence of channels, passage features and zones with
a pellet structure in thin sections (Figure 5.3). All other identifiable charcoal fragments in
the 2Bt horizon have a weathered and brittle appearance and all belong to only one
charcoal type (CAE GUI SPP).
In contrast to profile CZ3, profiles CZ1, CZ2 and UH48 do not exhibit a lithological
discontinuity or significant clay illuviation. Still, in all three profiles the distribution of charcoal
fragments displays peaking specific anthracomass values at the top of the profile, followed
by a nearly charcoal-free layer and a secondary anthracomass peak lower down (Figure
5.2, Figure 5.3). This lower peak is weak in profiles CZ2 and UH48, but significant in profile
CZ1at 120-140 cm depth. Yet, fragments from this lower anthracomass peak belong to
charcoal types that also occur in the surface interval and their radiocarbon ages are similar
(Figure 5.2, Table 5.1). Hence, profile CZ1 is not stratified and the local soil charcoal
assemblage probably originated from only one palaeofire event, which occurred between
1704 and 1544 cal yr BP (Table 5.1). Likewise, profiles UH48 and CZ2 are not stratified
and their charcoal assemblages originate from fire events that occurred between 2308 and
1872 cal yr BP at the UH48 site and between 554 and 504 cal yr BP at the CZ2 site (Figure
5.2, Figure 5.3).
The charcoal fragments in profiles CZ1, CZ2 and UH48 are scattered over a depth interval
of 140 cm, although at each location they were formed during a single event. This could be
explained by strong bioturbation, as evidenced by the occurrence of channels, passage
features and zones with a pellet or granular microstructure (Figure 5.2, Figure 5.3). Ants
and termites are abundant in semi-deciduous rainforest and can severely disturb stratified
profiles and even archaeological layers (e.g. Cahen & Moeyersons, 1977; McBrearty, 1990;
Théry-Parisot et al., 2010). In profile CZ3, a horizon with a large number of rock fragments
below 40 cm depth impeded bioturbation. This may have contributed to the preservation of
two separate intervals with distinct charcoal assemblages, including one that is ancient
(>43.5 ka BP). Besides bioturbation, micromorphological features also provide evidence for
some colluvial deposition, even though sampling sites were chosen on relatively flat areas.
Examples are the presence of chert fragments (CZ1, CZ2) and ironstone fragments (CZ2,
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UH48), relatively low grain angularity (UH48) and good sorting (UH48) (for terminology and
interpretation, see Stoops, 2003 and Stoops et al., 2010).
Since charcoal assemblages can be distributed over a thickness of more than 140 cm over
a span of 600 years (e.g. profile CZ2, Figure 5.2), redistribution of charcoal fragments by
bioturbation and colluvial deposition must be a rather fast process. Older charcoal
assemblages could be present below 140 cm depth at the CZ1, CZ2 and UH48 sites, but if
these would be spread over a large depth interval, specific anthracomass would be low,
also diminishing the chance to find charcoal. Spreading of charcoal fragments over large
soil volumes could also explain why none of the additional samples (140-180 cm) taken
below the bottom of the profiles contain charcoal fragments (Figure 5.2, Figure 5.3).
Table 5.1 Conventional radiocarbon ages and calibrated ages.
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Table 5.2 Ecology, morphology, temperament, distribution area and anatomy ranking for
the highest ranked species for all identified charcoal types
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Table 5.2 (continued)
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Table 5.2 (continued)
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Table 5.2 (continued)
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Table 5.2 (continued)
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Table 5.2 (continued)
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5.3.3 Charcoal assemblage composition
Analysis of a total of 935 charcoal fragments yielded 44 charcoal types. Table 5.2 presents
the complete inventory of all retained species names and their ecology, light requirements,
morphology and geographical distribution area. The distributions of charcoal types within
each soil profile is presented in Figure 5.2 and Figure 5.3, including an attribution for each
recovered charcoal type to one particular type of vegetation (grey shades). Specifically,
some charcoal types originate from typical primary rainforest taxa, others mainly from
regenerating forest taxa and others from prominent pioneer taxa. Some taxa have a large
ecological tolerance, occurring in mature evergreen rainforest, in the forest-savanna
transition zone and even in the seasonally variable climate conditions of woodland savanna
(Figure 5.2, Figure 5.3).
Charcoal identifications for profile UH48 were presented earlier (Hubau et al., 2012), but
one previously unidentified monocotyledon taxon has now been identified as a Dracaena
species (Figure 5.3, Table 5.2). Charred endocarp remains of oil palm drupes (Elaeis
guineensis) were found in all four profiles, most abundantly in profiles UH48 and CZ3
(upper intervals). Besides these endocarps, only charcoal type PHY ANT SPP occurs in
more than one profile. Eight charcoal types remain unidentifiable, although they are clearly
derived from mature woody species and different from all identified charcoal types.
Furthermore, 11 unidentified charcoal types are derived from juvenile wood, fruit, bark or
unidentified charred tissue (Figure 5.2, Figure 5.3). These fragments can be derived from
some of the same woody species as the identified charcoal fragments.
5.3.4 Identification reliability
Table 5.3 presents the highest anatomy rank, the number of highest ranked species and
the name of one of the highest ranked species for each of the 44 identified charcoal types,
along with the vegetation types in which the highest ranked species occur, and an
identification reliability score based on our two evaluation criteria (see Methods). In case
where only one species is ranked highest, our identification excludes any possible
confusion regarding the ecology of the charcoal type (e.g. APO ANC PYR, EUP TET DID,
LIN HUG PLA). However, for most charcoal types, several species receive the highest rank,
with a maximum of 11 species (COM COM SPP). Sometimes, the highest ranked species
had different phytosociological characteristics, complicating palaeoecological interpretation
of the charcoal type. In such cases, the charcoal type received a negative (-) score for
evaluation criterion A. Evaluation criterion B specifies how well the charcoal type resembles
reference material of the highest ranked species. Based on both criteria together, each
charcoal type received an identification reliability rank.
Overall, 64% (27 types) of our identifications are highly reliable (ranks 1 or 2) because their
highest ranked species do not have ambiguous phytosociological characteristics and
resemble the charcoal type’s anatomy almost perfectly or at least very well (Table 5.3).
Identifications are especially reliable in profiles CZ2 and CZ3 (71% and 70% respectively),
followed by profile CZ1 (62%) and finally profile UH48 (50%). As an illustration of a reliable
identification, Figure 5.4 presents SEM images of charcoal type MYR PYC ANG from
profile CZ1 together with transmitted light images of a reference wood sample of
Pycnanthus angolensis, a prominent pioneer species. Only two charcoal types have highest
ranked species that resemble the charcoal anatomy only moderately, although they are
phytosociologically unambiguous (rank 3, APO TAB IBO and PHY BRI MIC). Finally, 33%
(15 types) of all identifications are not reliable (ranks 4, 5 or 6) because their highest ranked
species occur in different forest types, complicating proper ecological interpretation. As an
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example, some of the 11 highest ranked species of charcoal type COM COM SPP
(Combretum spp.) occur in mature rainforest, whereas others are typical woodland savanna
species (Table 5.3 and Table 5.2).
Table 5.3 Representative species name and evaluation of identification reliability for each identified
charcoal type presented in Figure 5.2 and Figure 5.3. The highest anatomy rank, the number of highest
ranked species, and ecology of the highest ranked species are indicated.
Chapter 5. Palaeofires and vegetation change in Luki
-107-
Table 5.3 (continued)
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Figure 5.4 LEFT: Scanning Electron Micrographs (SEM) of charcoal type MYR PYC ANG; RIGHT:
Transmitted Light Micrographs (TLM) of a reference wood sample of Pycnanthus angolensis (Welw.)
Exell (Tw 29820) (Myristicaceae). A-B: Transversal direction; C-D: Tangential direction; E-F: Radial
direction.
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5.4 Discussion
5.4.1 Temporal aspects of the paleofire regime in the Luki reserve
Natural fires in moist evergreen rainforest environments are generally rather rare because
high air humidity reduces combustibility (Scott, 2000). The long period without recorded
charcoal formation at the CZ3 site, spanning more than 43 ka (Figure 5.3), appears to
suggests that local palaeofires did not occur on this site during the consecutive climate
variations of the late Pleistocene and Holocene (e.g. Maley & Brenac, 1998), implying
possible long-term absence of fire in the Central African rainforest, even at forest
boundaries (Figure 5.1).
On the other hand, it is possible that the CZ3 profile does not represent a continuous
palaeoenvironmental archive. Specifically, temporal gaps in the macrocharcoal record may
be due to a scarcity of woody plants combined with limited soil accumulation and profile
development during dry episodes of the last glacial cycle (e.g. Dupont et al., 2000), when
fires were probably more common in Central Africa (e.g. Bird & Cali, 1998). The absence of
charcoal can also be a result of unrecognized severe soil erosion truncating the profile.
Furthermore, presence of charcoal fragments from a Guibourtia demeusei stand older than
43.5 ka BP implies that naturally induced fires occurred during a period when the locality
was covered with rainforest. Based on current understanding of Congo Basin vegetation
history at this timescale, this charcoal may date from the (later phases of) MIS 5, i.e. older
than ca.75 ka BP, unless episodes of rapid climate change during Dansgaard–Oeschger
cycles and Heinrich stadials in MIS 3-4 allowed short-lived development of local rainforest,
perhaps disturbed by fire (cf. Daniau et al., 2010). The charcoal assemblages of all other
recorded palaeofires in our Luki profiles are testimony of fire within the rainforest (Figure
5.2, Figure 5.3, Table 5.3). Most probably this occurred in areas of fragmented forest
where fires in dry and open savanna patches can burn forest edges and small forest
patches, thus creating more fire-prone open spaces (Cochrane et al., 1999; Cochrane,
2003).
In palaeoecological studies of the African rainforest, periods of inferred forest fragmentation
are often attributed to the occurrence of arid climate anomalies (Vincens et al., 1998; Maley,
2001, 2002; Cochrane, 2003). On late-Quaternary time scales, Central African precipitation
regimes are mainly controlled by the influence of northern high-latitude glaciation on the
Atlantic Meridional Overturning Circulation (AMOC), reflected in differences in sea surface
moist air from the Atlantic Ocean into Central Africa, thus provoking relative aridity on the
continent. Examples are MIS3 and MIS4, the last glacial maximum (LGM or MIS2), the
Younger Dryas and the 8.2 ka event (Maley, 1996; Maley & Brenac, 1998; Alley &
increased abundance of fire events recorded within the last 3000 years in the Ituri forest
(Hart et al., 1996) and the Luki reserve (Table 5.1, Figure 5.2, Figure 5.3). Specifically, the
palaeofire dated to between 2300 and 1900 cal yr BP at UH48 is broadly coeval with a
al., 2005). Lack of recorded palaeofires that presumably must have occurred during other
al. 2005), may be explained by a temporary setback of woody vegetation interrupting soil
accumulation, and thus an absence of traces archived in the pedoanthracological record.
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Lack of recorded fire events in Luki or Ituri dating from older periods of known climatic
drought (e.g. the Younger Dryas) can be explained both by this process and by rapid burial
and scattering of charcoal assemblages by bioturbation as outlined above.
5.4.2 Species composition of the charcoal assemblages
Charcoal type richness as a reflection of forest species-richness
The minimum species-richness of the charcoal assemblages recovered from the Luki
reserve expressed as the sum of the identified types and of the unidentified types
originating from mature wood, is on average 13 species per 1.5 m² (12 in CZ2, 10 in CZ3,
15 in CZ1, 16 in UH48). This is more than 10% of the 81 to 127 tree species per ha
reported to occur in Central African natural rainforest stands (Worbes et al., 2003; van
Gemerden et al., 2003). This suggests that the charcoal assemblages originated from
species-rich forest types, rather than from species-poor savanna types.
However, these forest inventories must be considered a minimum estimate of true woody
plant diversity, since they are usually limited to trees with breast-height diameters
exceeding 10 cm (Worbes et al., 2003). Tree species dispersing seeds via wind, water or
animals can produce off-site progeny. Also, the local soil seed bank can produce seedlings
and young trees of species that are temporarily lacking from the site (cf. Daïnou et al.,
2011).
On the other hand, species-richness recorded in pedoanthracological profiles may also
underestimate true charcoal diversity because some charcoal types can escape burial due
to post-depositional processes such as horizontal transport by wind or water or by physical
weathering severely fragmenting the charcoal particles (e.g. Théry-Parisot et al., 2010).
Also, trees are not always completely charcoalified and they do not always fall down after
the fire (Scott, 2000). Finally, given the relatively small sample size, uncommon tree
species with a small share in the basal area are probably underrepresented in charcoal
assemblages compared to dominant species. For example, only two charcoal types were
clearly derived from liana species (APO ANC PYR, LIN HUG PLA; see Figure 5.2) although
tropical forests typically have a great diversity of lianas (Schnitzer & Bongers, 2002).
Diversity of burned forest types
Nearly all charcoal fragments in the oldest charcoal assemblage (>43.5 ka BP; profile CZ3)
were derived from only one species, and probably from the same individual (Figure 5.3).
Guibourtia species are large (>20m) trees typical of old-growth evergreen and semi-
deciduous primary rainforest (Burkill, 1985; Leal, 2004; African Plants Database, 2011).
The fire event dated to between 2308 and 1872 cal yr BP in the UH48 stand undoubtedly
burned a patch of mature rainforest. Thirteen out of 15 identified charcoal types yielded
prominent indicators of mature rainforest among the highest ranked species (Figure 5.3).
Examples are Gilbertiodendron species (CAE GIL MAY), Guarea species (MEL GUA SPP)
and Tetraberlinia bifoliolata (CAE TET BIF) (Lebrun & Gilbert, 1954; Leal, 2004) (Figure
5.3, Table 5.3). Coelocaryon species (MYR COE SPP) are also important indicators of old
primary rainforest in the Luki reserve (Donis, 1948). Endocarps of the pioneer palm Elaeis
guineensis found in the UH48 assemblage were probably introduced by humans, given the
presence of pottery fragments (Figure 5.3).
The charcoal assemblage dated to 1704-1544 cal yr BP in profile CZ1 is dominated by
charcoal types yielding prominent pioneers such as APO ALS SPP (cf. Alstonia spp.), MYR
PYC ANG (cf. Pycnanthus angolensis) and COM TER SUP (cf. Terminalia superba)
(Figure 5.2, Table 5.3). These often occupy small patches within the rainforest but they
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sometimes also occur in large, nearly monodominant stands within old evergreen rainforest,
indicating former disturbance at the landscape scale (Donis, 1948; Lebrun & Gilbert, 1954;
Protabase, 2012). They are widely distributed and sometimes very abundant. Also, Heinsia
crinita (RUB HEI CRI), Pterygota species (STE PTE SPP), Tetrorchidium didymostemon
(EUP TET DID) and Albizia species (MIM ALB SPP) are significant indicators for
regenerating forest (Table 5.3).
The CZ2 assemblage (554-504 cal yr BP) clearly indicates an open vegetation type.
Bridelia ferruginea (PHY BRI FER) is common in the grasslands neighbouring the Luki
reserve, although it also occurs near forest edges (Donis, 1948; Lebrun & Gilbert, 1954;
Vincens et al., 1998; African Plants Database, 2011). Second, in contrast to all other
charcoal assemblages it includes two liana taxa, APO ANC PYR (cf. Ancylobotrys
pyriformis) and LIN HUG PLA (cf. Hugonia platysepala),. Lianas are favoured by
disturbance and they are relatively more abundant in forest gaps than under closed canopy
(e.g. Schnitzer & Bongers, 2002). Finally, some of the highest ranked species for charcoal
types COM COM SPP and RUB NAU SPP occur in woodland savanna, whereas others
occur in mature rainforest (Figure 5.2, Table 5.3). Although identification results clearly
indicate a more open vegetation type, the relatively high species-richness of the CZ2
assemblage (12 species per 1.5 m²) indicates that it was probably dry deciduous forest or
dry woodland rather than a savanna.
The upper charcoal assemblage of profile CZ3, dated to 626-510 cal yr BP, is dominated by
prominent pioneer and secondary forest taxa such as APO FUN AFR (cf. Funtumia
africana), CAE ANT SPP (cf. Anthonotha spp.) and CAE AFZ SPP (cf. Afzelia spp.) (Figure
5.3, Table 5.3). However, the assemblage also includes two types belonging to prominent
mature rainforest taxa (CAE CYN SES and CAE APH SPP) (Lebrun & Gilbert, 1954; Leal,
2004; Protabase, 2012). Although fast-growing pioneer species recruit easily in forest gaps
and are initially more abundant and more successful than more slowly regenerating mature
forest species (Protabase, 2012), it is possible that the latter resprouted from a cut- or
broken-off stub after natural or human-induced disturbance (Mwavu & Witkowski, 2008), or
recruited occasionally from the seedling bank or from the local soil seed bank (Daïnou et
al., 2011).
5.4.3 Consistency with regional palaeoclimate history
Figure 5.5 shows the distribution of existing palaeobotanical and palaeoclimatological
records, with which the results of this study can be compared. The main patterns of regional
climate and vegetation dynamics spanning the last 4000 years are summarized in Figure
5.6, grouped by geographical area, and arranged according to distance from the study
area. The records closest to the Luki reserve are those of Lake Kitina in the southern
Mayumbe forest (Elenga et al., 1996, 2004; Maley, 2002, 2004), Lake Sinnda in the
grasslands of the Mayumbe rainshadow area (Vincens et al., 1998), and from a marine site
derived from sites within the Lower Guinea further north (Figure 5.5).We also considered
high-resolution palaeolimnological records from Eastern Africa that give a detailed view of
late Holocene climate variability.
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Figure 5.5 Geographical distribution of published palaeoenvironmental records throughout equatorial
Africa in relation to the Luki reserve (site 1), with indication of the type of source data and main
references. The current distribution of rainforest is based on Mayaux et al. (1997) and forest area
during the third millennium BP is adapted from Maley (2004).
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Figure 5.6 Summary of the main findings resulting from palaeorecords reconstructed
for the Mayumbe, the Lower Guinea, the Dahomey Gap, the Congo Basin and East
Africa. Black fillings represent major disturbance periods. Dark grey indicates severe
aridity, light grey indicates moderate aridity and very light grey indicates wet periods.
Study site locations are presented in Figure 5.
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Figure 5.6 (continued)
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Figure 5.6 (continued)
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Third millennium BP rainforest crisis
Two successive phases of late Holocene rainforest breakdown are documented extensively
in the literature, as outlined in Figure 5.6. Since the Luki reserve is located on the
southernmost edge of the Central African rainforest (Figure 5.1, Figure 5.5), one might
expect that these events had impacted its forest considerably. The first phase occurred
between 4000 and 2500 cal yr BP, when lowering SST in the Gulf of Guinea (Weldeab et
al., 2007) is associated with a more arid climate in the Lower Guinea forest region. Although
nearly all selected sites in Central and East Africa record increasing drought during this
period, it impacted only on the boundaries of the Central African rainforest complex (Figure
5.6; Vincens et al., 1998; Elenga et al., 2004; Salzmann & Hoelzmann, 2005; Ngomanda et
al., 2009a, 2009b; Maley et al., 2012). However, complete absence of charcoal from
between 4000 and 2500 cal yr BP in the Luki assemblages suggests that increasing aridity
did not cause severe rainforest breakdown through fire at the study site (Figure 5.2, Figure
5.3). Indeed, closed-canopy rainforest is remarkably resistant to drought because the
canopy is able to trap transpired moisture, thus maintaining humidity levels and hampering
combustion (Cochrane, 2003). Also in the Ituri forest of eastern Congo (Figure 5.5), only
two of 28 palaeofires date from this period (Hart et al. 1996).
The second phase of forest breakdown occurred between 2500 and 2000 cal yr BP, when
rising sea surface temperatures (Weldeab et al., 2007) resulted in a generally warmer and
wetter climate, with pronounced seasonality. The wet season was characterised by the
formation of large cumuliform clouds and the occurrence of torrential rains (Maley, 2002,
resulted in a strengthening of the trade winds, causing a long and pronounced dry season
(Maley & Brenac, 1998; Maley, 2004; Elenga et al., 2004; Ngomanda et al., 2009a, 2009b;
Neumann et al., 2012a, 2012b). Palynological studies show that this severe climate shift
almost completely eradicated mature rainforest in certain regions of the Lower Guinea
(Maley, 2002). Yet, the UH48 charcoal assemblage (Figure 5.2) clearly indicates that
despite the occurrence of fire mature semi-deciduous rainforest persisted until the end of
this severe breakdown phase, even at the forest boundary (Figure 5.1, Figure 5.5).
Given strong climate seasonality, windfalls during storms may have contributed to open up
the rainforest canopy, creating additional gaps vulnerable to drought and fire (e.g. Maley,
2002; Ngomanda et al., 2009b). True rainforest trees generally have thinner protective bark
layers and are thus easily destroyed by fires occurring in nearby forest gaps (Cochrane et
al., 1999; Cochrane, 2003; Broadbent et al., 2008). As such, the combined effect of gap
formation during wet seasons and severe drought with recurring fire during dry seasons
may eventually have destroyed large blocks of contiguous forest. The occurrence of a
palaeofire within a mature rainforest stand at the UH 48 site indicates that forest destruction
was still ongoing by the end of the third millennium BP. At that time the site was probably
located at a forest edge or in a small mature rainforest patch within a matrix of fire-prone
open vegetation. Increasing palaeofire occurrence from 2200 cal yr BP onwards has also
been reported for the Ituri forest (Figure 5.6; Hart et al., 1996).
Forest recovery after the third millennium BP rainforest crisis
After 2000 cal yr BP, the Lower Guinean climate returned to wet and relatively stable
conditions (e.g. Maley, 2002, 2004; Ngomanda et al., 2007, 2009a, 2009b). Decreasing
Gramineae and increasing abundance of pioneer trees in pollen records indicate successful
forest regeneration (Elenga et al., 1996; Reynaud-Farrera et al., 1996; Maley, 1996, 2002,
2004; Maley & Brenac, 1998; Elenga et al., 2004; Ngomanda et al., 2009a; Neumann et al.,
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2012b; see also Figure 5.6). Likewise, the CZ1 charcoal assemblage dated to this period is
dominated by pioneer species (Figure 5.2, Table 5.3). This fire event occurred at least
three centuries after the rainforest crisis, indicating that forest recovery was most likely a
slow process. Recurring fire in scattered patches of savanna still affected regenerating
forest patches, killing the most vulnerable tree species (e.g. Broadbent et al., 2008). In the
southern portion of the Lower Guinea, the combustibility of open vegetation probably
remained high due to continuing drought until at least 1300 cal yr BP , as reported for the
surroundings of Lake Sinnda (Figure 5.6
continued (Schefuß et al., 2005). Yet, the increasing abundance of pollen from pioneer
species on several sites indicate that forest re-establishment was eventually successful
(e.g. Figure 5.2; Maley, 2002).
Medieval Climate Anomaly and Little Ice Age
Although manifestation of the Northern Hemisphere ‘Medieval Climate Anomaly’ (MCA,
1100-700 cal yr BP) and ‘Little Ice Age’ (LIA, 650-100 cal yr BP) in various tropical regions
is under debate, many authors use this terminology as reference chronozones for tropical
climate anomalies during these broad time periods (e.g. Vincens et al., 1998; Verschuren et
al., 2000; Ngomanda et al., 2007; Russell & Johnson, 2007; Verschuren & Charman, 2008;
Stager et al., 2009). One pattern that appears to be widespread across intertropical Africa is
a switch towards wetter climate conditions coincident with the MCA-LIA transition 700-650
cal yr BP (Verschuren & Charman, 2008). In eastern equatorial Africa the MCA-equivalent
period was mostly dry (Verschuren et al., 2000; Russell et al., 2003; Stager et al., 2009),
whereas close to the Atlantic coast in the Lower Guinea, the MCA appears to be
characterised by fluctuating wet-dry conditions (Vincens et al., 1998, Schefuß et al., 2005;
Ngomanda et al., 2007). Allowing for some dating mismatch between the available records,
the start of the LIA-equivalent period is most often marked by the return of a more
consistently wet climate in tropical Africa. However, after ca. 500-450 cal yr BP these wet
conditions reversed to more or less pronounced aridity throughout western and central
equatorial Africa, from near the Atlantic coast (Ngomanda et al., 2007) to the western
shoulder of the East African plateau (Russell & Johnson, 2007). Persisting until ca. 200-150
cal yr BP, this prolonged drought coincides with coldest LIA temperatures in Western
Europe (Verschuren & Charman, 2008). Only easternmost equatorial Africa, i.e. the portion
of the continent situated beyond Atlantic Ocean influence, enjoyed relatively wet conditions
throughout the LIA-equivalent period, and even there they were occasionally interrupted by
decade-long dry spells (Verschuren et al. 2000, 2009; Tierney et al., 2013).
Earlier studies detailing vegetation dynamics during the broad MCA-LIA time interval in the
Lower Guinea documented an increase in shade-intolerant trees under fluctuating wet-dry
conditions during the MCA (Ngomanda et al., 2007), and forest disturbance with increasing
oil palm abundance between 1400 and 800 cal yr BP (Reynaud-Farrera et al., 1996; Maley,
2002). In the Dahomey Gap, dry conditions and forest retreat started from 1100 cal yr BP
and continued until the present (Salzmann & Hoelzmann, 2005). In the Ituri forest of
eastern Congo, the entire period from 1300 to 800 cal yr BP is marked by an unusually
high number of fire events (Hart et al., 1996). Likewise, the replacement of mature
rainforest by woodland savanna at the CZ2 site (Figure 5.2) shows that the MCA was
undoubtedly a period with significant forest fragmentation in the Luki reserve. Due to
recurrent fire, this open vegetation persisted into the early LIA-equivalent period. This
diverse evidence for MCA drought on the continent is associated with a pronounced rise in
Figure 5.6; Schefuß et al., 2005).
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Wetter conditions on land starting at the MCA-LIA transition promoted forest regeneration,
as illustrated by the occurrence of pioneer trees around 600 cal yr BP in the Luki reserve
(CZ3, Figure 5.3) and in the pollen record of Lake Sinnda (Figure 5.5, Figure 5.6, Vincens
et al., 1998). However, the fragmented Ituri forest structure remained vulnerable to fire, as
evidenced by two fire events during this period (Hart et al., 1996). The CZ2 and CZ3 fire
events both occurred between 630 and 500 cal yr BP, likewise during the wet early phase
of the LIA (Figure 5.6).
5.4.4 Wildfires or shifting cultivation?
Charcoal fragments found in soils of natural environments are sometimes a priori
interpreted as witnesses of past slash-and-burn activity (van Gemerden et al., 2003).
However, fire is also the major cause of natural vegetation disturbance, even in moist
rainforest. Lightning is the most important initiator of wildfires and more successfully so in
canopy gaps during episodes of climatic drought (Hart et al., 1996; Scott, 2000; Cochrane
et al., 1999; Cochrane, 2003). The ancient charcoal in the deepest layer of profile CZ3 most
likely formed during such a natural forest wildfire. While there are indications for the
presence of Stone-Age human communities in the Lower Guinea before 43.5 ka BP
(Oslisly, 2001), there is no evidence for wildfires having been ignited by humans in the
Lower Guinea before the introduction of agriculture with the arrival of Bantu-speaking
people around 2500 cal yr BP. Even then, evidence for actual farming activities remains
scarce until about 1000 cal yr BP (Figure 5.6; Neumann et al., 2012b). The early migrants
were probably hunter-gatherers in the first place and the crops they introduced from the
subtropics (e.g. Pennisetum glaucum) needed a distinct dry season, which became more
problematic after the third millennium BP rainforest crisis as climate returned to less
seasonally conditions (Figure 5.6; Neumann et al., 2012a, 2012b). Moreover, humans
confined their activities to natural forest gaps, and preferred cutting softer pioneer trees
rather than harder trees in the mature rainforest (Ngomanda et al., 2009b; Neumann et al.,
2012a).
The charcoal assemblage of the UH48 profile dated to between 2300 and 1900 cal yr BP
may represent a human-set fire in the context of shifting cultivation within or at the edge of a
mature rainforest patch. Evidence in this direction includes the few small pottery shards
recovered from the 20-40 cm interval of the profile, and charred endocarps of Elaeis
guineensis mixed with the charcoal of other taxa throughout the profile (Figure 5.3). The
traditional human consumption of Elaeis guineensis is well documented (Maley &
Chepstow-Lusty, 2001; Neumann et al., 2012a). Further, one charcoal type in the UH48
assemblage is identified as Tabernanthe iboga (APO TAB IBO), a well-known medico-
magic plant commonly used during initiation ceremonies in the Lower Guinea (e.g.
Akendengue et al., 2005; Banzouzi et al., 2008; Protabase, 2012). Presence of both pottery
shards and oil palm endocarp fragments in the 0-20 cm interval of profile CZ3 (Figure 5.3,
626-510 cal yr BP), suggests that this may have been a shifting cultivation site as well,
although at both sites these few pottery shards may well be of younger origin than the
charcoal fragments, since the distribution of charcoal and artefacts in soil is not always
equally affected by post-depositional processes (Cahen & Moeyersons, 1977). The
palaeofire events recorded at CZ1 and CZ2 are almost certainly real wildfires. No artefacts
were found in either profiles and the presence of a few charred oil palm endocarps can be
explained by the fact that both palaeofires burned patches of regenerating forest, the
natural habitat of E. guineensis.
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5.5 Conclusion
Four soil profiles from the Luki reserve in the southern Mayumbe forest of DRC yielded five
distinct charcoal assemblages. One of the four profiles yielded charcoal from around 530
cal yr BP and a deeper charcoal layer of >43.5 ka BP, i.e. well beyond the period of
recorded anthropogenic burning in this region. This result indicates that both natural wildfire
occurrence and long-term absence of fire are possible in tropical rainforest. The increasing
SST gradient between tropics and subtropics during the late Holocene caused increasing
aridity in the southern Mayumbe since at least 4000 cal yr BP. However it appears to have
promoted palaeofire occurrence only from the end of the third millennium BP when
temporarily enhanced seasonality caused severe forest fragmentation.
Persistence of mature rainforest (e.g. Gilbertiodendron species, Tetraberlinia bifoliolata)
until the end of the third millennium BP rainforest crisis (2308-1872 cal yr BP), may illustrate
the resilience of Central African rainforest against drought, even at the forest edge. Forest
regeneration following this rainforest crisis was a slow process, as illustrated by our
documentation of a palaeofire dated to 1704-1544 cal yr BP, burning a pioneer forest stand
(e.g. Pycnanthus angolensis, Alstonia species). A more recent palaeofire (626-510 cal yr
BP) burned an open woodland savanna patch (e.g. Bridelia ferruginea) and a stand of
pioneer forest (e.g. Funtumia africana, Afzelia) during the relatively wet period immediately
following the MCA (1100-700 cal yr BP), indicating that the local MCA-equivalent period
was probably a significant drought event in Central Africa and that forest regeneration was
ongoing around 600 cal yr BP.
The documented Luki reserve fire event dated to before 43.5 ka BP was almost certainly a
natural wildfire ignited by lightning. In contrast, pottery shards and oil palm endocarps
associated with the palaeofire dated to 2308-1872 cal year BP and one of the two post-
MCA palaeofires suggest that these may have been set by humans practicing shifting
cultivation. As shifting cultivation by Bantu migrants was initially only a marginal activity
practised preferably in regenerating forest, the anthropogenic nature of most fires from that
time is far from certain. Temporary natural climatic drought was probably the main driving
force for palaeofire occurrence, vegetation change and human migrations in the Central
African forest. During the last millennium, shifting cultivation by a growing human population
increasingly amplified the destructive effects of natural climate anomalies by slowing down
forest regeneration in fire-prone areas.
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Getting there... The camp.
Digging a profile. Looking for charcoal.
Augering on the bottom. Taking undisturbed soil samples.
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Charcoal washing and cleaning methodology adapted from
Carcaillet & Thinon (1996).
Charcoal collections before washing (left top), charcoal
washing using the levigation method (right top), final
cleaning (right bottom), charcoal collections after washing
(left bottom).
Grouping in charcoal types. 50 fragments of each layer are selected (left), studied using Reflected
Light Microscopy (middle) and grouped into charcoal types (right) that are each identified using the
identification protocol (Chapter 2)
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Archaeological charcoals as archives for
fuelwood preferences and vegetation composition
during the late Holocene in the southern Mayumbe, DRC
Revised submitted manuscript (first revision):
HUBAU, W., VAN DEN BULCKE, J., BOSTOEN, K., CLIST, B.O., LIVINGSTONE-SMITH,
A., DEFOIRDT, N., MEES, F., NSENGA, L., VAN ACKER, J. & BEECKMAN, H. (2013).
Archaeological charcoals as archives for fuelwood preferences and vegetation composition
during the late Holocene in the southern Mayumbe, DRC. (submitted to Vegetation History
and Archaeobotany).
Abstract
Analysis of charcoal from an archaeological assemblage near the Lukula community
located at the southernmost boundary of the Mayumbe forest (Bas-Congo, DRC) yielded 30
charcoal types used as fuelwood between 1200 and 700 cal yr BP Respondents from the
same region mentioned 71 species preferred for modern charcoal production. Taxa
retained after identification belong either to mature rainforest, pioneer forest, regenerating
forest or woodland savanna, indicating that ancient and current local populations gathered
fuelwood in several different forest types. Modern fuelwood preferences do not seem to
agree with the archaeobotanical composition. Also, linguistic evidence does not indicate a
long exploitation history for all of the recorded taxa. Furthermore, no particular wood
qualities such as wood density, calorimetric value or magical or medicinal values seem to
determine the Lukula assemblage, which was probably composed of refuses from various
activities requiring different specific fuelwood characteristics. As such, species composition
is not biased by human selection, suggesting that it reflects the surrounding environment,
identified as a fragmented forest-savanna mosaic similar to the current situation. Unlike the
anthropogenic origin of present-day forest fragmentation, the situation around 1000 cal yr
BP could have been a legacy of the third millennium BP rainforest crisis, although a more
recent climatic event coinciding with the Medieval Climate Anomaly between 1100 and 700
cal yr BP is a more likely explanation.
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6.1 Introduction
During the last decades great progress has been made in our understanding of the
dynamics of vegetation and populations in the Central African rainforest (e.g. Brncic et al.,
2007, 2009). Specifically, the Lower Guinea has been a key study area for population
dynamics, partly because it played an important role in the reconstruction of late Holocene
Bantu migration, initially mainly the work of linguists and archaeologists. Bordered by the
Atlantic Ocean to the West and the Congo Basin to the East, the Lower Guinea probably
served as a corridor connecting northern and southern Africa (Oliver, 1966; Van Noten,
1982; de Maret, 1990; Vansina, 1990; Lanfranchi & Clist, 1991; Schwartz, 1992; Neumann
et al., 2012a). More recently, the development of a palaeoclimatic framework for Central
Africa indicated that Bantu migrations coincided with dramatic variations in rainforest
composition and extent (Maley, 1996, 2004; Maley & Brenac, 1998; Vincens et al., 1998;
Ngomanda et al., 2007, 2009a, 2009b; Brncic et al., 2009). Although there is general
agreement about the occurrence and extent of these variations, a series of elements
concerning the detailed mechanism of the phenomenon are not yet entirely clear.
Perhaps the most persistent matter of debate concerning Holocene Central African forest
dynamics is the relative contribution of climate and human impact (e.g. Brncic et al., 2007,
2009; Bayon et al., 2012; Neumann et al., 2012b; Maley et al., 2012). There are significant
uncertainties in our knowledge concerning the relationship between human populations and
their environment during the Holocene. Archaeological data in Central Africa can be
described as ‘few and far between’, i.e. rather thin and patchy as compared to other areas
of the world (Van Noten, 1982; Lanfranchi & Clist, 1991; Oslisly, 1992; Wotzka, 1990;
Assoko Ndong, 2001; Elouga, 2001; Clist, 2005; Eggert, 2005; Matoumba, 2008; Gouem
Gouem, 2011). In addition, pollen are generally poorly preserved at archaeological sites in
the region. Therefore, other indices of human-environment relationships have been
explored, such as phytolith analysis, anthracology and carpology (e.g. Pinçon, 1990;
Mercader et al., 2003; Neumann et al., 2012a). However, these disciplines are still in their
infancy in Central Africa. As a result, we know little about agricultural practices or fuel
selection, for example for cooking or for craft, and about how they can be identified in
sedimentary records.
Carpology has been used to demonstrate human subsistence strategies (e.g. Neumann et
al., 2012a), but wood fuel remains have only sporadically been studied (e.g. Pinçon, 1990;
Lavachery, 2001; Eggert et al., 2006; Picornell-Gelabert et al., 2011), despite the
abundance of charcoal fragments in archaeological layers and the prominent role of forests,
trees and wood in the daily life of local communities in the Central African rainforest.
Charcoal analysis in tropical environments is complicated by species richness, synonymy,
and the scarcity of digitized databases. Recent development of a semi-automatic procedure
for the identification of Central African charcoals has tackled these problems (Hubau et al.,
2012). The protocol has been applied to pedoanthracological (non-archaeological)
assemblages to reconstruct wildfire and vegetation dynamics of the Luki reserve, situated in
the Mayumbe forest, which is the southernmost part of the Lower Guinean rainforest
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complex (see Chapter 2; Chapter 5; Hubau et al., accepted). Such pedoanthracological
assemblages give a detailed view of palaeofire regime and vegetation change on an
appropriately small spatial scale, but cannot fully reveal the possible role of humans.
In this chapter we report on an excavation that was conducted near the present Lukula
community, situated at the edge of the Mayumbe forest (Bas-Congo, DRC, see Figure 6.1).
In contrast to the excavations conducted in mature rainforest relicts in the Luki reserve
(Hubau et al., accepted), the Lukula excavation yielded significant amounts of pottery, iron
slag and charcoal fragments that were most likely remnants of fuelwood. The main
objective of this chapter is to illustrate how anthracological evidence from archaeological
sites in the Lower Guinea can contribute to our understanding of past interactions between
humans and their environment. Specific research questions addressed in this chapter are:
(1) From which environment was firewood gathered by ancient communities in the Lower
Guinea? (2) Were there any preferences with regard to fuelwood characteristics? (3) Do
eventual fuelwood preferences differ between ancient and modern communities? (4) Can
forest type reconstructions from an archaeobotanical assemblage contribute to
understanding palaeoclimatic conditions in the Lower Guinea?
6.2 Material and methods
6.2.1 Study site and anthracological sampling
The Mayumbe hills stretch along the Atlantic Coast from West Gabon down to the Bas-
Congo province of the Democratic Republic of Congo (DRC) (Figure 6.1). The hills are
covered by semi-deciduous rainforest. This forest type was the dominant land cover,
probably even during severe climate anomalies such as the last glacial maximum (e.g.
Sosef, 1996), although the forest boundaries are thought to be sensitive to climate change
(Maley, 1996). The studied site is situated in the vicinity of the present Lukula community,
near the edge of a small plateau or flat hilltop (Figure 6.1; 5° 26’ 6.96’’ S; 12° 57’ 41.7’’ E).
As for all other sampling sites for an ongoing palaeoanthracological study in the Mayumbe
(Hubau et al., 2012, accepted), a relatively flat area was chosen, avoiding steep slopes to
minimize the effects of erosion or deposition of colluvium (see Chapter 2; Chapter 5;
Carcaillet & Thinon, 1996). The pedoanthracological excavation (100 cm x 150 cm surface)
was conducted on a spot where prospection with an Edelman auger yielded charcoal at
depths down to 40 cm and where the soil was relatively dry and penetrable. Artefact and
charcoal fragments (largest width > 2 mm) were carefully collected by hand per interval of
10 cm. Specific anthracomass was calculated as described by Carcaillet & Thinon (1996).
Thin sections were prepared for undisturbed soil samples, following polyester impregnation
using standard procedures (Murphy, 1986) and micromorphological features were
described applying polarisation microscopy, using the concepts and terminology of Stoops
(2003).
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Figure 6.1 Localisation of the study site, the Luki reserve and the other sites mentioned in the text.
Dark grey = mature rainforest; light grey = regenerating rainforest. 1 = Lukula profile; 2 = Luki reserve;
3 = Tchissanga (Clist, 2005, 2012; Denbow, 2012); 4 = La mare du Flec (Schwartz et al., 1990 ; de
Foresta et al., 1990) ; 5 = Teke uplands (Pinçon, 1990; Dupré & Pinçon, 1997) ; 6 = Sakusi, Kay Ladio
Tradition (Gosselain, 1988 ; de Maret, 1990 ; Kanimba Misago, 1991 ; Clist, 2005, 2012) ; 7 = Sumbi
(Clist, 2012); 8 = Mbafu (Clist, 2012).
6.2.2 Charcoal identification and radiocarbon dating
For each 10 cm profile interval, up to 50 charcoal fragments were analysed using reflected
light microscopy (RLM) and grouped in charcoal types, from which each represents a group
of species matching the charcoal anatomy (Chapter 2; Hubau et al., 2012). Next, a large
fragment of each charcoal type was mounted on a stub for scanning electron microscopy
(SEM). Based on SEM images, charcoal types were described with the same numbered
anatomical features as used for the on-line InsideWood database (IAWA Committee, 1989;
Wheeler, 2011; InsideWood, 2011; Hubau et al., 2012). The final result of the charcoal type
description consists of two strings of numbered features. A first string represents primary
features which are easily visible and the second string represents secondary features which
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are variable or unclear. Next, all charcoal types were identified applying the Central African
identification protocol (Chapter 2; Hubau et al., 2012).
Possible profile stratigraphy, suggested by vertical distribution patterns of artefacts,
anthracomass and charcoal types, was verified using constrained and unconstrained
cluster analysis, performed with the R package Rioja, developed for the analysis of stratified
patterns in palaeorecords (Juggins, 2012). Statistically different profile depth zones were
demarcated by optimal sum-of-squares zonation (Birks & Gordon, 1985), using the broken-
stick model (Bennett, 1996). From each stratigraphic interval, a charred endocarp fragment
and a wood-derived charcoal fragment were randomly selected for AMS 14C dating at the
Poznán Radiocarbon Laboratory (Poland) or Beta Analytic (Florida, US). Calibration was
performed with the Calib 6.1.0 software package (Stuiver & Reimer, 1993; Stuiver et al.,
2005) using the SHCal04 southern hemisphere atmospheric curve (McCormac et al., 2004).
6.2.3 Evaluation of identification reliability
For each charcoal type, the final result of identification was a group of woody species,
which were ranked according to their resemblance with the charcoal type anatomy (Hubau
et al., 2012). Specifically, a 5-point grading system was used, whereby five points were
attributed in the case of perfect agreement between charcoal anatomy and woody species
anatomy. The charcoal type received a 9-character label consisting of the three first letters
of family, genus and species name of one of the best ranked species (Hubau et al., 2012).
Next, all identifications were evaluated according to two criteria. Evaluation criterion A
reflects whether the highest ranked species have similar phytosociological characteristics
(i.e. phytosociological propinquity). Evaluation criterion B is based on the number of highest
ranked species and their anatomy rank, with a higher score with increasing degree of
resemblance between charcoal and wood anatomy. Based on both criteria, the charcoal
type was assigned to one of six identification reliability ranks, which allows a distinction
between strong and weak identifications (for a detailed discussion: see Chapter 4).
6.2.4 Fuelwood characterization
For each charcoal type which resembles the wood anatomy of one or more species almost
perfectly (anatomy rank 5), a representative woody species was chosen for fuelwood quality
characterization. For each species, two wood specimens were selected from the xylarium of
the Royal Museum for Central Africa (Tervuren Xylarium Wood Database, 2012). From
each wood sample, a rectangular prismatic subsample of approximately 50 cm³ was sawn
and exact dimensions were measured with a caliper for volume calculation. These samples
were then dried for 2 hours at 60 °C, 4 hours at 80 °C and finally 48 hours at 103°C
(Maniatis et al., 2011). The samples were weighed for oven-dry density calculations and
grinded. Higher Heating Values (HHV, in MJ) were measured for 0.4-0.5 g of grinded oven-
dried material using an isoperibolic bomb calorimeter (Parr Instruments).
6.2.5 Modern fuelwood preference survey
Respondents in five villages near the Luki Biosphere Reserve (Figure 6.1) were asked
about their preferred species for charcoal production. For each village, a top 10 of most
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reported species was compilated. For all species mentioned by the respondents, names
were reported in Kiyombe, the Bantu language spoken in the southern Mayumbe. The
names of the top 10 and those of the species that were also retained after identification of
one of the charcoal types found in the Lukula profile were compared to the names of the
same species in other West African Bantu languages in order to assess whether these
species have widespread cognate terms in the Lower Guinea. If so, it can be assumed that
the species were already known and possibly used by Bantu-speaking migrants before their
arrival in the southern Mayumbe (Bostoen, 2005, submitted; De Grauwe, 2009; Bostoen et
al., submitted).
6.3 Results
6.3.1 Artefacts and anthracomass
Figure 6.2 presents profile information, the number of artefacts per interval and specific
anthracomass per interval (ppm). In total, 8 iron slag fragments and 128 pottery fragments
were found, including 2 that are larger than 5 cm. Some aspects of this archaeological
assemblage indicate possible profile stratification. Firstly, there is an artefact-free layer
between 50 and 70 cm depth, and pottery fragments from the upper intervals (0-10 to 40-50
cm) could not be refitted with those of the deeper intervals (70-80 to 130-140 cm). Also, iron
slag was only found in the upper 50 cm. Finally, the potshards in the upper intervals are
strongly weathered, compared to the more pristine condition of those in the lower intervals.
This can be explained by longer exposure to surface and near-surface conditions, which
are harsh in humid tropical environments.
On the other hand, the profile includes no charcoal-free intervals, as illustrated by the
specific anthracomass diagram (Figure 6.2). Down to 80 cm depth, all intervals yield more
than 20 ppm charcoal, which is a high concentration compared to charcoal assemblages
from natural forest fires in the Luki reserve (Hubau et al., accepted). This upper part with
high anthracomass values (0-80 cm) is separated from a minor peak in charcoal content for
the 90-100 cm interval (14 ppm) by the relatively charcoal-poor 80-90 cm interval. However,
this interval still yields 9 ppm charcoal, which is not negligible. This suggests that the
charcoal assemblage is the result of continuous deposition rather than of two separate
events.
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6.3.2 Profile development
The relatively low concentration of artefacts suggests that the excavation was not
conducted within an ancient refuse pit, where pottery shards are often found in large
numbers, but rather in between refuse pits or within the territory of an ancient iron-smelting
community. Scattered fragments of charcoal, iron slag and pottery may have been moved
deeper down the soil under a community floor due to human passage in a first phase, and
due to pedoturbation in a second phase. Soil thin sections show common fine clay coatings
below 40 cm depth, compatible with Bt horizon development. Indeed, the Lukula profile was
excavated in an area dominated by soils with ABtC profiles on gneissic or granitic parent
materials, according to the soil map of the Bas-Congo region (Gb3m: Figure 6.2; Van
Ranst et al., 2010), corresponding to Acrisols in the WRB system (Baert, 1995). Soil thin
sections also show common channels in all samples, partly with aggregates of groundmass
material as infillings, as well as pervasive fragmentation of illuvial clay coatings in the 20-40
cm interval. The abundant channels and associated features indicate strong bioturbation
throughout the profile (Figure 6.2; Stoops, 2003). Various types of soil fauna, including ants
and termites are very abundant and active in tropical environments, down to the water
Table (e.g. McBrearty, 1990; Théry-Parisot et al., 2010).
6.3.3 Radiocarbon dates
Four charcoal fragments have been dated (Figure 6.3). Three dates are obviously in
agreement. Charcoal from the deepest levels (90-110 cm) is dated at 1143 to 902 cal yr BP
(Beta-329504, Poz-33006), which can be extended to 811 cal yr BP with a rather low
probability of 21%. The uppermost interval yields an age that is slightly younger (803 to 717
cal yr BP). However, the date obtained for an intermediate interval is between 2162 and
1999 cal yr BP (81% probability) or even older (2302 to 2242 cal yr BP, 18% probability),
which is at least 850 years older than the other three dates (Figure 6.3). This older date
was obtained for a charcoal sample identified as Milicia excelsa. Trees of this species are
often considered as sacred, and they are therefore frequently protected (and planted) in
villages and farmlands, where they can grow relatively old (Koni Muluwa & Bostoen, 2010;
Protabase, 2012). As such, one could suggest that the charcoal fragment originated from
the oldest year rings of a very old (> 850 years) specimen. However, it is not yet clear if and
how frequently tropical trees reach such ages (Worbes & Junk, 1999).
More likely, the ancient occurrence can be explained by a mixing process that added older
charcoal fragments to the assemblage. As there is no other evidence for the occurrence of
an older occupation level on this site, the older charcoal fragment is likely the result of a
natural wildfire that affected a forest stand in the vicinity of the profile site between 2300
and 2000 cal yr BP A charcoal assemblage of the same age has been found in a forest
stand in the neighbouring Luki reserve (Chapter 2; Chapter 5; Hubau et al., 2012,
accepted). Occurrences of soil charcoal assemblages dating back to 3000-2000 cal yr BP
have also been reported for the Ituri forest, DRC (Hart et al., 1996). These assemblages
originated either from natural or from human-induced wildfires.
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Soils in villages are often disturbed, for instance for crop cultivation, latrines or dwelling
construction. This type of disturbance in the direct vicinity of the hillcrest can have caused
buried charcoal fragments to become exposed along the surface, from where they can
move laterally and get mixed with a younger assemblage on the community floor. Evidence
from the Luki reserve shows that charcoal assemblages originating from ancient wildfires
can be found in the upper 20 cm of soil profiles at some sites (Chapter 2; Chapter 5;
Hubau et al., 2012, accepted). An alternative explanation is bioturbation, which was a
significant process at the Lukula site, as evidenced by features observed in soil thin
sections (Figure 6.2). As such, bioturbation can explain both the strong vertical scatter of
artefacts and the 14C date discrepancies (see also Schwartz & Gebhardt, 2011; Clist et al.,
in press).
6.3.4 Charcoal identifications
Geographical distribution, ecology and morphology of the highest ranked species per
charcoal type are presented in Table 6.1. Figure 6.4 shows the distribution of charcoal
fragments throughout the profile. 586 charcoal fragments have been analysed. Many
fragments were derived from oil palm endocarps (Elaeis guineensis). 25 charcoal types
were derived from mature wood and could be identified. In addition, a few types that were
recognized could not be identified, namely a mature hardwood type whose anatomical
features were too unclear due to fire cracks, a juvenile wood type that consisted mainly of
pith tissue, an unidentifiable organic tissue fragment, and three monocotyledon types which
are not identifiable with a charcoal identification protocol based on dicot hardwood features.
The juvenile wood and unidentified organic tissue could be derived from the same taxa as
the identified types. As a result, the assemblage is composed of at least 30 different
species.
Charcoal type distribution pattern
The distribution of the charcoal types reveals no clear stratification, as most types are
present throughout the profile (Figure 6.4). However, some types are confined to the upper
intervals (0-10 to 50-60 cm; CAE CYN SES, ANN NEO GAB, PAP CAM SCA, all
unidentified monocotyledons) and some are confined to the lower intervals (APO ALS SPP,
MYR PYC ANG). Furthermore, constrained cluster analysis yields six significantly different
depth zones and unconstrained cluster analysis reveals five significantly different interval
groups (Figure 6.5; Birks & Gordon, 1985; Bennett, 1996; Juggins, 2012). The constrained
cluster analysis dendrogram shows that the charcoal assemblage in the 30-50 cm depth
intervals are more similar as the 50-100 cm intervals than the assemblage in 0-30 cm
intervals, at the 5th level of similarity. In the unconstrained cluster analysis dendrogram, the
20-30 cm depth interval joins the 110-130 cm intervals and the 30-50 cm intervals join the
60-70 cm and the 130-140 cm intervals (Figure 6.5). As such, we can conclude that the
distribution pattern of charcoal types is not stratified. The charcoal fragments from the 0-50
cm intervals do not form a coherent group as opposed to those from the lower intervals.
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Table 6.1 Geographic distribution, ecology, morphology and anatomy rank of the highest ranked
species (‘x’ = present; ‘-’ = absent) for each identified charcoal type (in alphabetical order). Data on
distribution, ecology and morphology are derived from African Plants Database (2012), Lebrun &
Gilbert (1954), Protabase (2012), Burkill (1985) and Leal (2004).
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Table 6.1 (continued)
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Table 6.1 (continued)
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Table 6.1 (continued)
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Table 6.1 (continued)
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Figure 6.5 Constrained and unconstrained cluster dendrograms for the charcoal type distribution
pattern presented in Figure 6.4.
Identification reliability
For each of the 25 identified charcoal types, Table 6.2 presents the highest anatomy rank,
the number of highest ranked species and the vegetation types in which the highest ranked
species occur, together with identification reliability based on two criteria (see also Hubau et
al., accepted). For nine charcoal types, only one species was ranked highest after
identification, which excludes any possible confusion regarding the habitat preference of the
species from which the charcoal originates (e.g., ANA PSE MIC, CLU MAM AFR, MOR
MUS CEC). For the other types, several species were ranked highest, with a maximum of 6
(e.g. MOR FIC SPP). In some cases, the highest ranked species have contrasting
phytosociological characteristics, which impedes palaeoecological interpretation of the
charcoal type. If this is the case, the charcoal type gets a negative (-) score for evaluation
criterion a. Evaluation criterion b specifies how well the highest ranked species resemble
the charcoal type. Based on both criteria, an identification reliability rank is assigned to
each charcoal type.
Identification is very reliable for 70% of all charcoal types (ranks 1 or 2), because their
highest ranked species do not have ambiguous phytosociological characteristics and
resemble the charcoal type anatomy almost perfectly or at least very well (Table 6.2). None
of the types have highest ranked species that resemble the charcoal anatomy only
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moderately (ranks 3 or 6). Only 30% (5 types) of all identified charcoal types are not reliable
(ranks 4 or 5) because their highest ranked species occur in different forest types,
complicating proper ecological interpretation. An example is charcoal type APO VOA SPP,
for which five woody species, resembling the charcoal anatomy almost perfectly, were
ranked highest. Four of them occur in the Lower Guinea, but phytosociological
characteristics of these species are ambiguous. Voacanga africana, Voacanga chalotiana
and Voacanga thouarsii occur in secondary forest and in woodland savanna, whereas
Tabernaemontana brachyantha occurs in mature evergreen or semi-deciduous rainforest
and in gallery forest (Lebrun and Gilbert 1954; Burkill 1985; Protabase 2012, see also
Table 6.1).
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Table 6.2 Phytosociological characteristics, anatomy rank of the highest ranked species for each
identified charcoal type and scores for identification reliability.
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Table 6.4 Species preferred for charcoal production in five villages in the
neighbourhood of the ancient Lukula community. Those that are in the top 5 of reported
species for a certain village are indicated in light grey. Species that are also among
those recorded in the Lukula assemblage are indicated in dark grey. Data on ecology
and morphology derived from African Plants Database (2012), Lebrun & Gilbert (1954),
Protabase (2012), Burkill (1985) and Leal (2004).
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Table 6.4 (continued)
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Table 6.4 (continued)
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Table 6.4 (continued)
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6.3.5 Fuelwood characteristics and preference
Fuelwood characteristics were quantified for 15 charcoal types whose highest ranked
species resemble the charcoal anatomy almost perfectly (Table 6.3). To do so, for each of
these charcoal types a representative species (preceded by ‘cf.’ in Table 6.3) was chosen
from the list of highest ranked species (Table 6.1), depending on the availability of wood
specimens in the xylarium of the RMCA. No distinction was made between large trees,
small trees or shrubs. Wood density ranges between 111 and 838 kg m-3. HHV ranges
between 18.52 and 20.33 MJ kg-1, taking into account standard errors. Preferred woody
species for current charcoal production are presented in Table 6.4, along with Kiyombe
names as reported by inhabitants of five different villages in the neighbourhood of the
Lukula community. Only six of the 71 reported species are amongst the highest ranked
species of the 30 ancient charcoal types: Canarium schweinfurthii, Irvingia grandifolia,
Mammea africana, Millettia versicolor, Musanga cecropioides and Pseudospondias
microcarpa (indicated in dark grey in Table 6.4).
6.4 Discussion
6.4.1 Archaeological context of the Lukula deposits
On the whole, archaeological evidence is scarce for the Republic of Congo and the
Democratic Republic of Congo. The Lukula profile analysed for the present study is the only
site providing evidence for the presence of ironworkers in the Bas-Congo region around
1000 cal B.P though it is known iron smelting was practised at the Sakusi site (DRC) as
early as 1950-1600 cal yr BP (Figure 6.1; de Maret, 1972; Gosselain, 1988; Kanimba
Misago, 1991; Clist, 1982, 2005), while in the RoC it was known earlier still before 2000 cal
yr BP (Denbow, 1990, 2012; Schwartz et al., 1990; de Foresta et al., 1990, Dupré & Pinçon,
1997). The presence of iron slags and scattered pottery shards indicate that the profile was
located at or near an old settlement. The profile was situated on a flat hillcrest that could
have been a preferred settlement position like the one chosen at least 400 years earlier for
the Kay Ladio community at the Sakusi site, located less than 200 km East of Lukula
(Figure 6.1; de Maret, 1972; Gosselain, 1988; Kanimba Misago, 1991; Clist, 2005).
The presence of two apparently separated artefact assemblages, as well as the distinct age
gap between two groups of radiocarbon dates could be seen as an indication that the
profile represents two charcoal and artefact assemblages. However, the calibrated dates
are too close to suggest that they are the result of two separate occupation periods on the
hilltop. Also, the profile is heavily disturbed by bioturbation. Moreover, the lack of a
significant charcoal-free interval and the lack of a stratified distribution pattern of charcoal
types over the entire profile depth suggests that the assemblage is a result of continuous
deposition rather than two or more separate ‘throw away’ events. Radiocarbon dates
suggest that the assemblage has been formed over a period of more than 400 years,
between 1143 and 717 cal yr BP (Figure 6.3).
Only two pottery shards of the Lukula assemblage provide some information on the form
and decoration of the pots. An undecorated carinated fragment found at 90-100 cm depth
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shows part of the pottery body and shoulder (Figure 6.6). Secondly, a decorated shard was
found at 40-50 cm depth. This suffices to conclude that the pottery style differs from the
older traditions such as Ngovo and Kay Ladio in the Bas-Congo region (de Maret, 1972;
Gosselain, 1988; Kanimba Misago, 1991; Clist, 2005) or the Tchissanga ware in the RoC
(Denbow, 1990, 2012). The decorated shard from the upper levels could be either Early or
Late Iron Age, but carinated profiles only occur in later traditions in the RoC (Denbow,
2012) or DRC assemblages from Bas-Congo (de Maret, 1972; Clist, 1982, 2012) or from
Bandundu (Pierot, 1987) (Figure 6.1). Further excavations will be needed to understand
the archaeological significance of the Lukula assemblage but the data available agrees well
with the general archaeological sequence of the area.
A. B.
C.
Figure 6.5 Photographs and drawings of three pottery sherds of the Lukula assemblage. A. 10-20 cm
depth interval, decorated fragment. B. 40-50 cm depth interval, decorated fragment. C. 90-100 cm
depth interval, undecorated carinated fragment.
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6.4.2 Reconstructed vegetation types
Mature rainforest was an important constituent of the environment around Lukula between
1200 and 700 cal yr BP as indicated by 12 out of 26 identified types in the studied profile
(Table 6.1, Table 6.2, Figure 6.4). The most prominent indicators for mature evergreen and
semi-deciduous rainforest are amongst the highest ranked species of charcoal types ANA
PSE MIC, CLU MAM AFR, CAE CYN SPP, CAE APH SPP (Table 6.1, Table 6.2, Lebrun &
Gilbert, 1954; Burkill, 1985; Leal, 2004; African Plants Database, 2012). Also, the highest
ranked species of charcoal types ANN NEO GAB, PAS PAR GRE, SAP CHR SPP and IRV
IRV GAB typically occur in mature rainforest environments.
Ten out of 26 identified charcoal types are most likely derived from short-lived or long-lived
pioneer taxa (Table 6.1, Table 6.2, Figure 6.4). Musanga cecropioides (type MOR MUS
CEC), Pycnanthus angolensis (MYR PYC ANG) and Elaeis guineensis are among the most
typical and widespread pioneers of the Central African rainforest, recruiting very well after
forest disturbance (Lebrun & Gilbert, 1954; Burkill, 1985; African Plants Database, 2012;
Protabase, 2012). Also, the highest ranked species for charcoal type APO ALS SPP (cf.
Alstonia boonei) are typical light-demanding indicator species in regenerating forest,
although seedlings tolerate some shade (Protabase, 2012). The highest ranked species for
charcoal type PAP CAM SCA (cf. Camoensia scandens) are lianas typically occurring in
regenerating forest and regenerating savanna, forest edges and in gallery forest. The
highest ranked species for charcoal types EUP MAR MIC (cf. Mareya micrantha), ANN XYL
AET (cf. Xylopia aethiopica), BUR CAN SCH (cf. Canarium schweinfurthii) and MOR MIL
EXC (cf. Milicia excelsa) are long-lived pioneers which can persist in mature rainforest,
gallery forest and forest islands or as a leftover in savanna and farmland.
Four types are not clearly identified as mature or regenerating rainforest taxa. A reliable
identification is that of type PHY BRI FER (Table 6.2). The highest ranked species (cf.
Bridelia ferruginea) are typical light-demanding trees or shrubs occurring in tropophilous
forest and wooded savanna, although they also occur at mature rainforest edges (Lebrun &
Gilbert, 1954; Burkill, 1985; African Plants Database, 2012). All Millettia species ranked
highest for charcoal type PAP MIL SPP have a large ecological amplitude, ranging from
mature semi-deciduous rainforest to old secondary forest, gallery forest, forest edges and
woodland savanna (Burkill, 1985; African Plants Database, 2012; Protabase, 2012).
Identification of charcoal type APO VOA SPP is ambiguous. Finally, identification of
charcoal type MYR RAP MEL is somewhat surprising. Rapanea melanophloeos is the only
highest ranked species, although it is a typical shrub (0-5m) or small tree (5-20m) occurring
in sclerophilous mountainous and sub-mountainous open forest and thickets (Lebrun &
Gilbert, 1954; Burkill, 1985; Protabase, 2012).
The presence of mature rainforest species, pioneers, secondary forest species, woodland
savanna species and species with a large ecological tolerance, indicates that no particular
forest type was preferred for fuelwood gathering. This is in agreement with modern species
preferences. Seven of the 71 species currently used for charcoal production (Table 6.4) are
typical indicators for semi-deciduous rainforest (Lebrun & Gilbert, 1954), from which three
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belong to the top 10 in some villages (e.g. Pteleopsis hylodendron). Furthermore, 12
species in the same list are typical indicators for secondary forest, and two species are
indicators for woodland savanna.
6.4.3 Fuelwood preferences
The Principle of Least Effort vs. intentional gathering
Some authors assume that no species preference exists and postulate that fuelwood is
gathered rather randomly, whereby wood characteristics or possible traditional values are
subordinate to the ease of gathering. This lack of a specific selection strategy is known as
the ‘Principle of Least Effort’ (e.g. Schwartz et al., 1990) which states that selection criteria
are not important in regions where fuelwood is scarce whereas non-species related
properties such as moisture content, proportions and physiological state are the most
important selection criteria in regions where fuelwood is abundant (Shackleton & Prins,
1992; Théry-Parisot et al., 2010; Picornell-Gelabert et al., 2011). The Lukula assemblage,
containing 30 charcoal types (Figure 6.4), illustrates that many taxa were used, regardless
of their habitat, which suggests that no species selection strategies were applied when
gathering fuelwood.
On the other hand, the presence of slightly differing radiocarbon dates suggests that the
assemblage was formed over a certain time span (Figure 6.3), which contrasts with the
lack of vertical variation in charcoal type distribution (Figure 6.4, Figure 6.5). This aspect of
charcoal type distribution patterns could be due to repeated use of a limited set of
intentionally gathered species. This ‘societal filter’ always has to be considered when
interpreting archaeobotanical results (Théry-Parisot et al., 2010). Earlier studies have
documented the absence of any relationship between species abundance in the
environment and frequency of their use as fuelwood in present-day local communities,
indicating that species selection is a function of intrinsic wood qualities (Ramos et al.,
2008b). This is confirmed by positive relationships between current fuelwood preferences
and fuelwood quality criteria such as density, water content, calorific value, wood density,
ash content and water content (Ramos et al., 2008a). Also, southern African respondents
identified a fast drying rate, production of long-lasting embers, low weight and low moisture
content as decisive selection criteria (Abbot et al., 1997). But can these fuelwood quality
criteria explain the composition of the Lukula assemblage?
Wood density
Wood density and moisture content in air-dry condition are decisive factors for fuelwood
preference in South African savanna communities (Davis & Eberhard, 1991; Abbot et al.,
1997). However, measured oven-dry density values for the types in the Lukula assemblage
are highly variable, ranging from 111 to 838 kg m-3 (Table 6.3). Worldwide, the heaviest
woods have oven-dry densities of up to 1200 kg m-3 (e.g. Diospyros spp.) (Dahms, 1999).
This implies that the density range of the species recognized for the Lukula profile (Table
6.3) already covers a large part of the possible range, indicating that there was no
preference for particular heavy or light woods.
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Very light woods burn fast, but they can be used to quickly initiate a fire. Moreover, they are
easy to transport. Examples from the Lukula types are MOR MUS CEC (cf. Musanga
cecropioides), APO ALS SPP (cf. Alstonia boonei) and MYR PYC ANG (cf. Pycnanthus
angolensis) (Table 6.3). On the other hand, heavy woods are preferred for their production
of long-lasting embers and high heat production, which are favourable characteristics for
cooking and iron smelting (e.g. Abbot et al., 1997; Munalula & Meincken, 2009). Examples
from the studied charcoal types are CAE CYN SES (cf. Cynometra sessiliflora), IRV IRV
GAB (cf. Irvingia gabonensis) and PAS PAR GRE (cf. Paropsia grewioides). This indicates
that preferences regarding density are a function of very particular activity-related
requirements.
The fact that even Musanga cecropioides was used (only highest ranked species for
charcoal type (MOR MUS CEC) could be surprising at first, because it has a high water
content when fresh, it has an extremely low density, and it burns very fast when dry.
However, wood from its branches and stilt roots is significantly denser (~460 kg m-3) than its
stem wood (111 kg m-3) (Table 6.3) making them theoretically a better fuelwood type (e.g.
Davis & Eberhard, 1991; Abbot et al., 1997; Ramos et al., 2008a, 2008b). Furthermore, it is
a very common, invasive and fast-growing pioneer, the tree is easy to cut, and branches
and stilt roots are easy to transport. As such, Musanga cecropioides was also reported as a
preferred species in contemporary communities (Table 6.4).
Calorific value
Measurements of calorimetric value of 111 tropical hardwood species from Africa, South
America and Asia, yielded an average HHV of 19.96 MJ kg-1 with maximum values of >21.7
MJ kg-1 and minimum values of <18.4 MJ kg-1 (Doat, 1977). Considering the results of this
survey, calorific values of the species selected by the Lukula community cover a broad
range (18.52 to 20.33 MJ kg-1, Table 6.3). Other studies confirm that calorific values do not
vary much in tropical woods and are of minor importance for firewood selection in local
communities (Abbot et al., 1997; Eberhard, 1990). Although a high calorific value could be
favoured for its energy efficiency and for its potential to allow reaching high temperatures as
required for e.g. iron smelting and pottery firing (Livingstone-Smith, 2001; Braadbaart &
Poole, 2008), it is also correlated with high extractive concentrations (Doat, 1977; Kataki &
Konwer, 2001) which may cause poisonous smoke. Species producing toxic smoke are
unfavourable for household purposes (e.g. Munalula & Meincken, 2008), but this might not
be a decisive factor in fuelwood selection for practices such as iron smelting.
Religious, magical, medicinal and other values
The idea of an intentional fuelwood selection strategy for iron smelting has been succinctly
discussed in a study of iron smelting sites in the Teke highlands (RoC, see Figure 6.1)
(Pinçon, 1990). In three Early Iron Age slag heaps dated around 1800 cal yr BP, the
scarcity of species in the charcoal assemblage could reflect a true selection strategy. Yet,
only 20 fragments were identified per heap and most selected species were probably totally
consumed during the smelting process, as indicated by the small concentration of charcoal
in the slag heaps (Pinçon, 1990). The few charcoal fragments that were found probably
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belonged to the wood that was added at the end of the smelting process, when magical and
religious criteria were more important than a high calorific value. Specifically, most of the
identified fragments belonged to Landolphia spp., Strophantus spp., Cyclocotyla
congolensis and Alafia caudata, which are all Apocynaceae assumed to stimulate magical
virtues but which do not have particularly high calorimetric values compared to high-quality
firewood such as Monopetalanthus spp. (Pinçon, 1990) and Pterocarpus soyauxii (Oslisly,
2001). Also, the majority of identified charcoal fragments found in a cooking fire
assemblage of Ngovo cave in Bas-Congo (around 2000 cal yr BP) belonged to
Apocynaceae that are thought to be selected for the latex, hunting poison and medicinal
use (de Maret, 1990).
Likewise, the Lukula assemblage contains two charcoal types derived from Apocynaceae:
APO ALS SPP (cf. Alstonia spp.) and APO VOA SPP (cf. Voacanga spp.), yielding latex
and poison (Figure 6.4, Table 6.1). The white and bitter sap of Alstonia spp. is used in
Kikwit (Bandundu, DRC) for the treatment of hemorrhoids, cough, gastritis, malaria and
asthenia (Koni Muluwa, 2010). Also, some of the highest ranked species of charcoal types
BUR CAN SCH (cf. Canarium schweinfurthii), PAN MIC SPP (cf. Microdesmis puberula)
and MOR MUS CEC (cf. Musanga cecropioides) play an important role in ceremonial
traditions and local medicine (Burkill, 1985; Protabase, 2012). In Kikwit and the Bas-Congo
region, latex from Canarium schweinfurthii is used as an ointment to heal the navel of
newborns (Latham, 2004; Koni Muluwa, 2010). It is also burned together with charcoal as
incense during rituals. Exorcists use its strong odour to attract beneficial spirits that drive
out the evil ones. After circumcision or abscess bursts, Canarium latex mixed with palm oil
relieves pain and heals the wound quickly. After delivery, women take Canarium bark
decoctions against stomach ache (Koni Muluwa, 2010). In Bas-Congo, the bark is used to
ease coughing and in Angola it is used for the treatment of ulcers and as an insecticide
(Latham, 2004). Sap from Musanga cecropioides is used as an antibiotic. Furthermore,
nursing mothers use bark decoctions to stimulate their milk production (Koni Muluwa,
2010).
Ancient vs. modern preferences
Some of the highest ranked species of several identified charcoal types are at present
widely appreciated as fuelwood or for charcoal production. The most prominent examples
are Alstonia boonei (type APO ALS SPP), Canarium schweinfurthii (BUR CAN SCH),
Pycnanthus angolensis (MYR PYC ANG) and Milicia excelsa (MOR MIL EXC) (Burkill,
1985; Latham, 2004; Protabase, 2012). However, only six of these (Table 6.3) were among
the 71 species reported as being preferred for charcoal production in the southern
Mayumbe (Table 6.4) and only one of these six species (Millettia versicolor; type PAP MIL
SPP) was reported within the top 10 of preferred species in one of the present villages. The
most important species today are Celtis mildbraedii, Hylodendron gabunense and
Pteleopsis hylodendron. Those species are nowadays preferred above all others, even
though they may be hard to find, because they are easy to cut, produce a lot of charcoal
and their charcoal burns slowly according to the respondents. Yet these species were not
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found in the Lukula profile. As such, the question arises why the overlap between ancient
and present-day preferences is so minimal.
One possible explanation is that preferences change over time. Some of the species
reported by the respondents and/or ranked after identification have names in Kiyombe that
are not widespread among western Bantu languages, such as Alstonia boonei (tsóóngútí,
De Grauwe, 2009), Pseudospondias microcarpa (nzuúza, Table 6.4) and Celtis mildbraedii
(néemba, Table 6.4). These names are probably of fairly recent origin. As such, the
linguistic evidence does not indicate that Bantu speakers knew these species before their
arrival in the Bas-Congo although some of them (e.g. Celtis mildbraedii) are among the
most preferred species today (Table 6.4).
However, some of the reported Kiyombe names are very old (Table 6.4, Raponda-Walker &
Sillans, 1995; Bostoen, submitted, Bostoen et al., submitted; Koni Muluwa, 2010). The most
prominent example is Elaeis guineensis (oil palm) which has always played a very
important role in food preparation in Central Africa and whose charred endocarps are
commonly abundant in archaeological excavations such as the Lukula profile (Figure 6.2)
(Dechamps et al., 1992; Maley & Chepstow-Lusty, 2001). In Kiyombe, it is known as dííba
(De Grauwe, 2009), a name which is widespread among western Bantu languages
(Bostoen, 2005, submitted; Bostoen et al., submitted). Furthermore, the pioneer species
Musanga cecropioides (type MOR MUS CEC) is known as nsééngá, Canarium
schweinfurthii (BUR CAN SCH) as mbíídí, Xylopia aethiopica (ANN XYL AET) as múkhaala,
Mammea africana (CLU MAM AFR) as mbooza and Pycnanthus angolensis (MYR PYC
ANG) as lomba (De Grauwe, 2009; SPIAF, 1988; Table 6.4). Bantu speakers knew these
trees before they started to settle in the Bas-Congo area. Their Bantu names are certainly
older than the charcoal remains attested in the Lukula profile, i.e. 1200 - 700 cal yr BP
Consequently, the linguistic evidence points towards a long exploitation history for some of
the recorded species but not for all of them. This indicates that selection strategies are not
always maintained over time. Also, selection strategies may be very different depending on
the activity. The respondents reported only species used for charcoal production whereas
one could expect that the settlement of an iron smelting community contains refuse from a
wide variety of activities, such as cooking, heating, iron smelting, pottery production or fuel
burning for ceremonial or medicinal purposes. This is in line with the wide variety in species
in the Lukula assemblage and the wide species variety characteristics such as morphology,
phytosociological characteristics, wood density, calorific value and traditional virtues (Table
6.2 and Table 6.3). This confirms the fact that the notion of a ‘good fuel’ has to be
considered within the framework of specific uses (Théry-Parisot et al., 2010). In fact, there
is not one good fuel but a wide choice of adaptable fuels that can be more or less
convenient for a wide range of different activities.
6.4.4 Palaeoclimatic context
No prevalent species-related qualitative fuelwood characteristics are recognized for the
Lukula charcoal assemblage. Moreover, it is possible that the assemblage was composed
over a relatively long period rather than during one specific event. This indicates that the
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Lukula assemblage is a ‘synthetic’ deposit of scattered charcoal fragments, resulting from
long-term deposition. Species compositions of such deposits may predominantly reflect the
surrounding environment (Théry-Parisot et al., 2010).
Third millennium BP rainforest crisis
A climate anomaly between 2500 and 2000 cal yr BP had a significant impact on Central
African forests. This period was characterized by an increase in seasonality (Maley &
Brenac, 1998; Maley, 2004; Ngomanda et al., 2009a, 2009b; Neumann et al., 2012b). Dry
seasons were severely arid, whereas wet seasons became shorter but much more intense.
Violent rains caused severe erosion and storm tracks created fire-prone gaps in the
rainforest. As such, large parts of the Central African rainforest were destroyed (Maley,
2004). Some authors describe the Central African landscape during and after this so-called
third millennium BP rainforest crisis as a fragmented forest-savanna mosaic with large
savanna patches near the edge of the rainforest and more continuous forest near the
centre of the rainforest complex (Schwartz et al., 1990; Schwartz, 1992; Maley, 2004;
Ngomanda et al., 2007).
The charcoal fragments grouped under charcoal type MOR MIL EXC (Figure 6.2, Figure
6.4) date back to the period between 2300 and 2000 cal yr BP As there are no indications
for a human occupation level during that epoch at the Lukula site, these fragments were
probably formed during a wildfire associated with the third millennium BP rainforest crisis.
Charcoal deposits in mature rainforest stands in the neighbouring Luki reserve (see Figure
6.1) confirm the occurrence of wildfires in rainforest environments during this crisis, but also
in pioneer forest just after the crisis, around 1800 cal yr BP (Chapter 5; Hubau et al.,
accepted). Fires were typically abundant during drought anomalies, when many fire-prone
forest gaps were formed, and during dry seasons just after these anomalies, when forest
gaps were still vulnerable to desiccation (see also Cochrane et al., 1999; Laurance et al.,
2000; Cochrane, 2003; Daniau et al., 2010). The only highest ranked species for charcoal
type MOR MIL EXC (Milicia excelsa) is an indicator of old secondary forest (Lebrun &
Gilbert, 1954; Burkill, 1985), which suggests that the forest at the Lukula site was already
disturbed before 2150 cal yr BP, perhaps due to increased seasonality between 2500 and
2300 cal yr BP, or due to extreme droughts between 3000 and 2500 cal yr BP (Maley,
2004; Maley et al., 2012).
After the third millennium rainforest crisis climate returned to stable conditions (Ngomanda
et al., 2009b), although drought conditions persisted until at least 1300 cal yr BP in the
southern part of the Lower Guinea (Vincens et al., 1998; Schefuß et al., 2005). Pioneer
trees re-invaded savanna patches. However, forest regeneration was a slow process,
probably further hampered by recurring fires during dry seasons (Cochrane, 2003; Hubau et
al., accepted).
Conditions around 1000 cal yr BP
Based on vegetation type reconstructions (Figure 6.4), one could assume that the
environment around Lukula between 1200 and 700 cal yr BP was dominated by mature
rainforest (Figure 6.4). This suggests that forest regeneration after the third millennium BP
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rainforest crisis was at least partly successful, or that large parts of the mature rainforest
survived the crisis. However, the assemblage also contains a significant amount of pioneer
taxa (Figure 6.4), indicating ongoing forest regeneration and persisting fragmentation.
Moreover, phytosociological characeristics of the highest ranked species of charcoal types
PHY BRI FER and APO VOA SPP point towards the proximity of woodland savanna
(Lebrun & Gilbert, 1954; Burkill, 1985; Protabase, 2012).
The Lukula community is currently located in a fragmented landscape that is dominated by
mature rainforest in the North and by woodland savanna in the South (Figure 6.1). The
proximity of both mature rainforest and woodland savanna between 1200 and 700 cal yr BP
suggests that the landscape at that time was similar to the current situation. However,
current forest fragmentation is most probably a legacy of intense anthropogenic activity
during the last centuries, whereas human impact on the forest before and around 1000 cal
yr BP was less important (Brncic et al., 2007; Maley et al., 2012; Neumann et al., 2012b).
Therefore, forest fragmentation between 1200 and 700 cal yr BP, as recorded by the Lukula
profile, was a legacy of the third millennium crisis, or the result of a more recent climate
anomaly.
Between 1100 and 800 cal yr BP, strong fluctuations of the water balance resulted in
significant rainforest disturbance in Gabon, a decrease in mature rainforest taxa, and an
increase in shade-intolerant taxa (Ngomanda et al., 2007). Similarly, in northern RoC,
forests dominated by shade-bearers were abruptly replaced by herbs and light demanders
between 1345 and 900 cal yr BP (Brncic et al., 2009). The period between 1100 and 700
cal yr BP is known as the ‘Medieval Climate Anomaly’ (MCA) in palaeorecords from the
Northern Hemisphere, where it was a period of rapid climate change, characterised by polar
cooling and tropical aridity (Mayewski et al., 2004; Russell & Johnson, 2007). In tropical
Africa, corresponding events include a return to drier climatic conditions in Togo and Benin,
resulting in a re-opening of the Dahomey Gap (Salzmann & Hoelzmann, 2005), and an
increase in rainforest fire occurrence in the Congo Basin (Hart et al., 1996) and in the Lower
Guinea (Hubau et al., accepted). Regional climatic conditions during this period are related
to an increase in the difference between tropical and southern subtropical Atlantic sea
Southern Hemisphere trade winds, resulting in arid dry seasons. In summary, the MCA
undoubtedly had a significant impact on the Lower Guinean rainforest. A climate anomaly
perhaps analogous to the one that caused the third millennium BP rainforest crisis could
have opened up the landscape around the Lukula community.
6.5 Conclusion
An archaeological assemblage near the Lukula community located at the southernmost
boundary of the Mayumbe forest (Bas-Congo, DRC) yielded pot shards, iron slag and
charcoal resulting from human activities covering a period between 1200 and 700 cal yr BP
Analysis of charcoal fragments yielded 30 different woody species from which 26 were
identified. 12 belong to mature rainforest species, 10 to prominent pioneers or regenerating
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forest species and 4 to woodland savanna species or species with a large ecological
tolerance. A list of 71 species preferred for modern charcoal production in the southern
Mayumbe shows the same ecological variety. This indicates that ancient and current
communities gathered fuelwood in several different forest types.
Wood density ranges from 111 to 838 kg m-3 and HHV ranges between 18.52 and 20.33 MJ
kg-1. These are very broad ranges, indicating that no woods with specific densities or
calorific values were preferred. As such, no particular wood qualities determine the Lukula
assemblage although some species might have been selected for their magical or medicinal
values.
Modern fuelwood preferences differ from ancient preferences and linguistic evidence points
towards a long exploitation history for some of the recorded species in the Lukula
assemblage but not for all of them. This suggests that selection strategies were not always
maintained. Also, selection strategies might be very different depending on the activity. The
settlement of this ancient community probably contains refuses from a wide variety of
activities such as cooking, heating, iron smelting, pottery production and fuel burning for
ceremonial or medicinal purposes and indicates that perceived firewood quality depends on
activity-specific requirements.
As there seems to be a lack of species preferences, the charcoal assemblage is
representative of the composition of the vegetation surrounding the Lukula community
between 1200 and 700 cal yr BP The presence of different vegetation types suggests a
rather fragmented landscape similar to the current situation. Current forest fragmentation is
a result of intense human activity during the last century, but similar fragmentation intensity
around 1000 cal yr BP cannot be explained exclusively by anthropogenic activity.
Fragmentation could have been the legacy of a well-known severe climate anomaly at the
end of the third millennium BP, although a more recent climate anomaly coinciding with the
Medieval Climate Anomaly between 1100 and 700 cal yr BP seems to be a more likely
explanation, as evidence for its impact on palaeoclimatic conditions in Central Africa is
increasing.
Chapter 6. Archaeological charcoal
-157-
Contemporary charcoal (left) and pottery (right) production.
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Charcoal-inferred palaeofire and
vegetation responses to Holocene climate anomalies
in the southern Mayumbe (DRCongo)
In preparation:
HUBAU, W., VAN DEN BULCKE, J., VAN ACKER, J. & BEECKMAN, H. Charcoal-inferred
palaeofire and vegetation responses to Holocene climate anomalies in the southern
Mayumbe (DRCongo).
Abstract
Two profiles excavated in the heart of the Mayumbe forest (Kisala Singa) together yielded
eight charcoal assemblages (~palaeofires) formed during the last 8 ka, whereas the five
profiles excavated at the forest edge (Lukula and Luki) together only yielded five Holocene
assemblages younger than 2.3 ka. Yet, the forest boundary is expected to be more
sensitive to palaeofire occurrence. This apparent discrepancy may be explained by
differences in profile development processes. All recorded Holocene palaeofires occurred
during or shortly after three well-known dry climate anomalies: the 8.2 ka BP event, the third
millennium BP rainforest crisis and the Medieval Climate Anomaly (MCA, 1.1 - 0.7 ka BP).
aridity and combustibility of fire-prone forest gaps. Also, anthropogenic pressure enhanced
the effect of climate anomalies since the third millennium BP, although human migrations
and palaeofire regimes were both forced by natural palaeoclimate change. Climate
anomalies left behind severely fragmented forest structures with many open patches that
remained fire-prone and occasionally burned during the regeneration period following the
anomalies. As such, rainforest regeneration is seriously hampered by fire, making it a very
slow process which can take up to 500 years. Mature rainforest persisted in the heart of the
Mayumbe through the Early to Mid-Holocene climatic transition, the subsequent Holocene
Thermal Optimum and the third millennium BP rainforest crisis. In contrast, mature
rainforest was locally replaced by pioneer formations at the forest edge. After the MCA,
forests were heavily fragmented in both the heart and the edge of the Mayumbe forest, as
indicated by the dominance of savanna woodland, pioneers and lianas in most charcoal
assemblages.
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7.1 Introduction
The Central African rainforest refuge theory postulates that microclimates in
(sub)mountainous and riverine areas protected the forest against past climatic disturbance
events. These persisting forest islands are perceived as a patchy network of relatively large
forest blocks and scattered so-called microrefuges embedded in a savanna matrix (see
Chapter 1; Maley, 1996; Leal, 2001; Plana et al., 2004; Tchouto et al., 2009). This image of
a fragmented forest-savanna landscape (see Figure 7.1) has been used to illustrate Central
African vegetation response to climate variability throughout the Holocene (Schwartz et al.,
1990; Maley & Brenac, 1998; Maley, 2004; Ngomanda et al., 2009a). Yet, little is known
about local forest dynamics, vegetation change and fire regimes in the Central African
rainforest, although fire is one of the main natural causes of forest destruction (Cochrane et
al., 1999; Scott, 2000; Cochrane, 2003) and leaves behind an important palaeobotanical
witness: charcoal.
We use charcoal archives in soil layers to reconstruct palaeofire regimes and vegetation
change within the southern Mayumbe forest, a region that is expected to be sensitive to
climate change due to its position at the southernmost boundary of the Central African
rainforest complex (Lower Congo, Democratic Republic of Congo, Figure 7.1). The
Mayumbe hills belong to the network of Pleistocene Afromontane rainforest refuges and
they are thought to be safeguarded from severe droughts caused by worldwide or smaller-
scale climate anomalies (Sosef, 1996; Maley, 1996, 2002, 2004). Yet the Mayumbe forest is
nowadays characterized by a fragmented forest-savanna landscape as a legacy of
increased human activity during the last millennium, but perhaps also due to a legacy of
past climate anomalies.
Anthracological research on four sites in the Luki reserve has shown that soil charcoal is
present as an archive of past wildfire regimes and vegetation change, reflected in an
increased amount of pioneer forest and woodland savanna species (Chapter 5, Hubau et
al., accepted). Yet the Luki reserve is located on the southernmost edge of the Mayumbe,
which is perhaps more sensitive to climate change than forest occupying hills in the heart of
the Mayumbe. Therefore, a first research question for this chapter is if palaeofire regimes
are similar or less intense in the more densely forested heart of the Mayumbe forest (Kisala
Singa area) compared to those of the Luki reserve at the edge of the forest (see Figure
7.1B)?
A second research question is how palaeofire regimes can be explained using the
framework of regional palaeoclimate data? Holocene climate has not always been stable
and favourable. It was characterised by relatively small-scale recurring variations with a
cyclicity of around 1500 years (e.g. Bond et al., 1997), probably driven by variations in solar
output (e.g. Bond et al., 2001). These variations are thought to have had significant
influence on the thermohaline circulation and on sea surface temperatures (SST)
worldwide. In turn, SST changes are thought to have significant influence on continental
climate, specifically in the Lower Guinea (Camberlin et al., 2001; Kim et al., 2002; Schefuß
et al., 2005; Balas, 2007; Weldeab et al., 2007). Within this framework, a bottleneck is the
increasing importance of human burning since the arrival of Bantu speaking migrants in the
southern Mayumbe during the third millennium BP, interfering with natural palaeofire
regimes (e.g. Vansina, 1990; Brncic et al., 2007, Oslisly & Dechamps, 1994, Neumann et
al., 2012a, 2012b).
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A third and final research question is if past episodes of climatic drought, possibly provoking
increased palaeofire intensity, caused significant vegetation change in the Kisala Singa
forest and if these changes were similar to those in the Luki area. Severe and prolonged
drought causes phases of rainforest breakdown, when mature rainforest is locally replaced
by woodland savanna or pioneer forest patches (Maley & Brenac, 1998; Vincens et al.,
1998; Ngomanda et al., 2007; Ngomanda et al., 2009a; Ngomanda et al., 2009b). The
effects of forest fragmentation are expected to be more prominent at the forest edge (Luki
Reserve) than in the heart of the southern Mayumbe forest (Kisala Singa).
Figure 7.1 A: late Pleistocene glacial rainforest refuges (dark grey) (Maley, 1996), Mature rainforest
extent during the third millennium BP crisis (intermediate grey) (Maley, 2004) and current rainforest
extent (light grey) (Mayaux et al., 1997). Important study sites are indicated: 1 = marine core GeoB
1023 (Kim et al., 2002; Schefuß et al., 2005), 2 = Luki reserve (Hubau et al., accepted); 3 = Kisala Singa
forest (own study site); 4 = marine core GeoB 6518 (Schefuß et al., 2005), 5 = Lake Sinnda (Vincens et
al., 1998), 6 = lake Kitina (Elenga et al., 1996, 2004), 7 = Ngamakala pond (Elenga et al., 1994, 2004), 8 =
lake Maridor (Ngomanda et al., 2009a), 9 = lake Nguène (Ngomanda et al., 2007, 2009a), 10 = lake
Kamalété (Ngomanda et al., 2007), 11 = Nyabessan swamp (Ngomanda et al., 2009b), 12 = lake Ossa
(Reynaud-Farrera et al., 1996; Maley, 2002), 13 = lake Barombi-Mbo (Reynaud-Farrera et al., 1996;
Maley, 1996, 2002, 2004; Maley & Brenac, 1998), 14 = marine core MD03-2707 (Weldeab et al., 2007).
B: detail of the current mature rainforest (dark grey) and regenerating forest (light grey) pattern in the
study area (Mayaux et al., 2004). The Kisala Singa area is located in the heart of the southern
Mayumbe forest, which is characterised by a forest mosaic dominated by a matrix of mature rainforest
and dotted with regenerating forest patches. The Luki Reserve is located on the southernmost edge of
the forest which is characterised by a forest-savanna mosaic dominated by a matrix of open
vegetation types (woodland savanna and regenerating forest) and dotted with mature forest patches.
Current fragmentation is comparable to the fragmented pattern during and after climate anomalies
such as the 8.2 ka BP event, the third millennium BP crisis and the Medieval Climate Anomaly. The
dotted green line represents the postulated maximum forest extent in the study area during stable
periods such as the Holocene Thermal Optimum between 7 and 4 ka BP.
A B
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7.2 Methods
Charcoal fragments were sampled per interval of 10 cm in two pedoanthracological profiles
with a surface area of 1.5 m² in the Kisala Singa forest (profiles KS8 and KS9, see Figure
7.1). They were washed, quantified, studied using Reflected Light Microscopy and grouped
into charcoal types from which each represents a group of species matching the charcoal
anatomy (see Chapter 2; Hubau et al., 2012). An example fragment per charcoal type was
chosen for detailed visualization using Scanning Electron Microscopy and lab-based high-
resolution X-ray CT (see Chapter 3; Van den Bulcke et al., 2009; Hubau et al., 2013) for
detailed anatomical description using well-defined features (IAWA Committee, 1989;
Wheeler et al., 2011). Each charcoal type was identified using a recently developed
protocol, resulting in a group of retained species (Hubau et al., 2012). After identification,
each charcoal type received a 9-character label consisting of the three first letters of family,
genus and species name of one of the best ranked species (see Chapter 2, Chapter 5 and
Chapter 6; Hubau et al., 2012). For each charcoal type, a detailed discussion of charcoal
type anatomy and identification results is provided in Appendix 2. Finally, each charcoal
type was assigned to a forest type for palaeoecological interpretation (Lebrun & Gilbert,
1954; Burkill, 1985; Protabase, 2012).
Profile stratigraphy was deduced from the distribution of anthracomass and charcoal types
and verified using constrained cluster analysis performed with the Rioja package in R
(Juggins, 2012). Sequential zonation was obtained by optimal sum-of-squares zonation
(Birks & Gordon, 1985), using the broken-stick model proposed by Bennett (1996) to
estimate the number of statistically different profile depth zones. In each stratigraphic
interval, charcoal fragments were selected for radiocarbon dating. Calibration was
performed with the OxCal v4.1.5 software (r:5) (Bronk Ramsey, 2009) using the SHCal04
southern hemisphere 14C calibration curve (McCormac et al., 2004).
Palaeofire and vegetation reconstructions for the heart of the Mayumbe forest (Kisala Singa
area: profiles KS8 and KS9) are compared with those of the forest edge (Luki reserve:
profiles CZ1, CZ2, CZ3, UH48; see Chapter 5) (see Figure 7.1B). Also, a vegetation
reconstruction derived from an archaeological charcoal assemblage near the Lukula
community at the edge of the forest (see Chapter 6) is used to discuss vegetation change,
but not palaeofire regimes as the assemblage was a result of fuelwood burning (e.g. for
cooking, heating, iron smelting...), in contrast to the forest wildfires that formed the other
assemblages.
7.3 Results
7.3.1 Charcoal assemblages and palaeofires
Profile KS8 yielded exceptionally high anthracomasses in the 10-20 cm interval (1053 ppm
= parts per million) and in the 40-50 cm interval (476 ppm) (Figure 7.2). Furthermore,
significant anthracomass peaks occurred in the 60-80 cm (43 ppm) and the 90-100 cm (9
ppm) intervals. All anthracomass peaks were separated by charcoal-poor intervals (4.8 ppm
in the 20-30 cm interval, 8.8 ppm in the 40-50 cm interval and 2.5 ppm in the 80-90 cm
interval). Finally, a very low anthracomass peak of 0.6 ppm in the deepest interval followed
a nearly charcoal-free zone. Each charcoal type in the KS8 profile is confined to one out of
five zones (Figure 7.3) (0-30 cm, 30-60 cm, 60-80 cm, 80-120 cm and 120-140 cm depth).
Each of these zones corresponds to one of the five distinct anthracomass peaks (Figure
7.2), suggesting that they represent five distinct charcoal assemblages originating from five
different wildfire events (= palaeofires). This is confirmed by constrained cluster analysis,
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which yielded exactly the same five zones as deduced from anthracomass and charcoal
type distribution patterns (Figure 7.3). Finally, radiocarbon dating results show that the
palaeofires occurred during five different epochs (around 0.4, 0.7, 1.8, 2.3 and 6.8 ka BP
respectively, see also Table 7.1).
The anthracomass pattern in the KS9 profile is also stratified with three distinct
anthracomass peaks of 86, 116 and 93 ppm in the 10-20 cm, 30-40 cm and 70-80 cm depth
intervals respectively (Figure 7.4). Three distinct charcoal assemblages originate from
three different fire events that occurred around 0.25, 1.65 and 7.8 ka BP (Table 7.1 and
Figure 7.5).
Figure 7.3 and Figure 7.5 present the 9-letter codes and an ecological classification
(colours) for each charcoal type. Appendix 2 presents full names of all species that were
retained and ranked after identification of each charcoal type.
Table 7.1 Conventional radiocarbon ages and calibrated ages.
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Table 7.1 (continued)
7.3.2 Identification reliability
Identification reliability in profiles KS8 and KS9 was high, with reliability ranks of 1 or 2 for
74% and 65% of the charcoal types respectively (see chapter 4). This means that the
species that were retained and ranked highest after charcoal type identification have equal
phytosociological characteristics and resemble the charcoal type anatomy almost perfectly
or at least very well (see also Hubau et al., accepted).
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7.4 Discussion
7.4.1 Palaeofire regime
Temporal palaeofire regime
The Holocene can be roughly divided in four palaeoclimate periods (Figure 7.6A). A
deglaciation period preceded the severe Younger Dryas cold spell and was characterized
by a general temperate climate in the Northern Hemisphere and an increasingly wet climate
in the Southern Hemisphere. Subsequently, an early to mid-Holocene climatic
reorganisation shaped fully postglacial conditions resulting in a long and generally warm
and wet period known as the Holocene Thermal Optimum. This period ended when climate
became progressively colder during the ongoing neoglaciation (Stager & Mayewski, 1997;
Alley & Ágústsdóttir, 2005; Wanner et al., 2011).
This framework of Holocene climate evolution has been constructed relying mainly on
Northern Hemisphere palaeorecords, while evidence for tropical equivalents is growing. As
an example, the two oldest palaeofires from the Kisala Singa area occurred around 7.8 ka
BP and 6.8 ka BP (KS9 and KS8 respectively), which was shortly after the abrupt early to
mid-Holocene climatic transition, also known as the 8.2 ka BP event (Figure 7.6B). Apart
from a weak aridification event recorded in lake Barombi Mbo in Cameroon (Maley &
Brenac, 1998; Maley, 2002), the 8.2 ka BP event has barely been recorded in
palaeobotanical and palaeoclimate records in West Central Africa. Yet the occurrence of a
palaeofire around 7.8 ka BP in the Kisala Singa forest could be interpreted as a lagged
response on the 8.2 ka BP event (e.g. Chapter 5; Hubau et al., accepted; Daniau et al.,
2010), which illustrates the significance of this anomaly on palaeoclimate and vegetation in
the Lower Guinea (Figure 7.6B).
Furthermore, the stratigraphies of profiles KS8 and KS9 reveal a remarkable absence of fire
events between 6.8 and 2.3 ka BP. This period roughly coincides with the Holocene
Thermal Optimum (between 7 and 4 ka BP), which was a phase of distinct forest expansion
in Central Africa and the warmest and wettest period on a global scale during the Holocene
(Maley, 1996; Marret et al., 2006). The absence of palaeofires during this period can be
attributed to high levels of relative air humidity, reducing combustibility (Scott, 2000;
Cochrane, 2003). Figure 7.1B presents a postulated extended southernmost Mayumbe
forest boundary for that period, transgressing current fragmented forest limits.
Subsequently, aridity started increasing between 4 and 3 ka BP and culminated between 3
and 2.5 ka BP, resulting in a first phase of lowland rainforest breakdown as indicated by
pollen records from the Lower Guinea, and especially the Barombi-Mbo record (Maley &
Brenac, 1998; Maley, 2004; Figure 7.6D). Pollen evidence indicates that this breakdown
phase was particularly significant at the margins of the rainforest (Reynaud-Farrera et al.,
1996; Maley, 1996, 2002, 2004; Maley & Brenac, 1998; Elenga et al., 1996, 2004;
Ngomanda et al., 2009a, 2009b; for a map see Figure 7.1A). Yet, our reconstruction of
palaeofire regime in the Kisala Singa area (Figure 7.6.B) shows that fires during this period
were absent or very scarce even at the southernmost edge of the Central African rainforest
(Figure 7.1B), indicating that increasing aridity between 4 and 2.5 ka BP did not have major
breakdown effects through fire. Indeed, closed canopy rainforests are relatively resistant to
drought and fire because they can trap transpired moisture within the canopy, which
reduces combustibility (Scott, 2000; Cochrane, 2003).
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Next, five recorded charcoal assemblages indicate that fire severely ravaged both the heart
(KS8 and KS9) and the edge (Luki, CZ1-3, UH48) of the southern Mayumbe forest at the
end of the third millennium BP and kept on disturbing the forest until 1.5 ka BP (Figure
7.6B). Moreover, a sixth recorded charcoal assemblage from this period (2.3 - 2 ka BP)
contaminated the much younger archaeological Lukula assemblage (1.2 - 0.7 ka BP)
presented in Figure 7.6C (see also Chapter 6). This older palaeofire was most likely a
natural wildfire, in contrast to the rest of the Lukula assemblage which is undoubtedly a
remnant of fuelwood burning. Contamination was probably a result of in situ vertical
reworking due to bioturbation or due to human disturbance of the community floor around 1
ka BP and horizontal movement of charcoal fragments (for a detailed discussion: see
Chapter 6).
The palaeofire period between 2.3 and 1.5 ka BP was followed by a rather short fire-free
and apparently stable period of approximately 700 years (arrows in Figure 7.6B), until the
occurrence of five palaeofires again indicates a distinct disturbance period between 0.8 ka
BP and present. As a conclusion, three distinct palaeofire periods can be distinguished
(Figure 7.6B): 7.8 - 6.8 ka BP, 2.3 - 1.5 ka BP, 0.8 ka BP - present.
Luki vs. Kisala Singa
Figure 7.6B compares palaeofire regimes in the Kisala Singa area (KS8 and KS9) in the
heart of the Mayumbe forest with those of the Luki reserve at the edge of the forest (CZ1,
CZ2, CZ3 and UH48; Hubau et al., accepted). Together, the profiles yielded 13 distinct
charcoal assemblages that were formed during 13 different wildfire events (= palaeofires).
The two Kisala Singa profiles and the CZ3 profile each yielded several palaeofires, which
contrasts with the CZ1, CZ2 and UH48 profiles, each yielding only one palaeofire. Yet, the
Luki reserve is expected to be most sensitive to climate change and palaeofire occurrence
Figure 7.6 (previous page) A. Major palaeoenvironmental periods (Stager & Mayewski, 1997; Alley &
Ágústsdóttir, 2005; Wanner et al., 2011).
B. Overview of the compositions of charcoal assemblages formed during wildfires in the Kisala Singa
area (profiles KS8, KS9) and the Luki reserve (profiles UH48, CZ1, CZ2 and CZ3). Bar height
represents the number of species in the charcoal assemblage, colours represent vegetation types:
dark green = mature rainforest; light green = regenerating forest; brown = woodland savanna; grey =
unidentified types. All dates are given in calendar years before present, with present set at 1950 AD.
Fire frequency was remarkably high in three distinct periods indicated with dark grey bands.
C. Composition of a charcoal assemblage derived from fuelwood burning within and around a village
near the present-day Lukula community. Charcoal was associated with pottery shards and iron slags.
Some charcoals are much older, originating from a charcoal assemblage formed by a natural wildfire
and contaminating the archaeological assemblage.
D. Variability of savanna and hygrophilous species in the Barombi-Mbo pollen record (Maley & Brenc,
1998). The main disturbance periods are indicated with grey bands: the 8.2 ka BP event, the third
millennium BP crisis, the Medieval Climate Anomaly (MCA) and the Little Ice Age (LIA) (Maley, 1996,
2002, 2004; Elenga et al., 1996, 2004; Maley & Brenac, 1998; Ngomanda et al., 2007, 2009a, 2009b).
E. Reconstruction of Sea Surface Temperature (SST) from a marine core near the Congo River mouth
(GeoB 6518-1) (Schefuß et al., 2005) and a marine core in the southern subtropics (GeoB 1023) (Kim et
1) and the
subtropics (GeoB 6518-1) (Schefuß
F. Timing of cold/arid phases within Holocene Bond cycles (Bond et al., 1997, 2001).
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due to its position at the forest boundary. This apparent discrepancy can perhaps be
explained by (1) differences in profile development processes or (2) a lack of continuity in
the pedoanthracological archive.
Profiles yielding more than one charcoal assemblage (KS8, KS9, CZ3) were excavated in
relatively shallow soils, limited by a gravel layer between 50 and 100 cm which impeded
post-burial charcoal translocation (Figure 7.2 and Figure 7.4; see Figure 5.3 for profile
CZ3). In contrast, charcoal fragments were able to migrate freely through profiles without
gravel (CZ1, CZ2, UH48), resulting in spreading of a single charcoal assemblage down to
depths greater than 140 cm (Hubau et al., accepted). As such, older charcoal assemblages
might have been buried down to depths that were not sampled. Although bioturbation is
present in both situations as evidenced from soil thin sections (Stoops, 2003), it has
apparently more effect on charcoal distribution when top soils are deeper (see Figure 7.2
and Figure 7.4 for profiles KS8 and KS9, see Chapter 5 for the Luki profiles).
Nevertheless, bioturbation is also prominently visible in stratified profiles as for some
charcoal types few fragments moved down the soil into deeper intervals, where they
contaminated the charcoal assemblage below (Figure 7.3 and Figure 7.5).
Alternatively, the scarcity of (older) palaeofire events in the Luki profiles could be explained
by gaps in the charcoal record. If palaeoclimate anomalies indeed affected the forest edges
severely, the vegetation in and around the Luki reserve could have been locally and
temporarily replaced by very open savanna types. As savanna environments are prone to
erosion and chemical weathering (e.g. Bayon et al., 2012), soil accumulation and charcoal
burial during these periods could have been restricted, eventually resulting in the loss of
charcoal assemblages. Also, charcoal fragments resulting from fires in savanna
environments is mainly derived from grasses and herbs. These fragile charcoal fragments
can be found on pollen slides (e.g. Scott, 2000; Forbes et al., 2006) or by a refined soil
washing protocol (e.g. Carcaillet & Thinon, 1996), but they are very difficult to detect by
hand-picking. Also, they are easily wind-blown and scattered over large distances. As such,
the pedoanthracological record in Figure 7.6B might not cover all palaeofires, particularly
not those that occurred during the actual dry climate anomalies when rainforest cover was
heavily reduced.
7.4.2 Palaeofire forcing
Climate anomalies and canopy gaps
Several studies have shown that rainforests can and do burn due to natural or human
induced canopy disturbances (Scott, 2000; Cochrane, 2003). Gaps within closed canopy
forests are fire-prone and mature rainforest trees at the gap-forest interface are easily
burned because they are evolutionary ill-adapted to fire, especially due to their thin bark
layers (Cochrane, 2003). Recurring fires in forest gaps create positive feedbacks as they
increase future fire susceptibility, fuel loading and fire intensity (Cochrane et al., 1999).
Eventually, gap formation can result in severe forest fragmentation and increasing fire
occurrence. But which force initially created forest canopy gaps?
A mechanism for the natural formation of forest gaps has been illustrated by palynological
records from Cameroon, Gabon and RoC which show that a significant climate change
characterized by increase in seasonality occurred at the end of the third millennium BP
(grey band in Figure 7.6.D; Maley & Brenac, 1998; Maley, 2004; Elenga et al., 2004;
Ngomanda et al., 2009a, 2009b; Neumann et al., 2012a; Bayon et al., 2012). For a map of
palaeorecord locations, see Figure 7.1A. Sea surface temperatures rose abruptly in the
Gulf of Guinea, resulting in a generally warmer climate and violent wet seasons (Weldeab
Chapter 7. Palaeofires and vegetation change in the Mayumbe
-173-
et al., 2007; Ngomanda et al., 2009b). Moreover, a parallel strengthening of the trade winds
and subsequent southward shift of the ITCZ caused very pronounced and long dry seasons
at southern equatorial latitudes (Elenga et al., 2004; Ngomanda et al., 2009b; Neumann et
al., 2012). As such, storms during wet seasons may have created forest gaps that were
vulnerable to drought and fire during intense dry seasons. This resulted eventually in the
formation of a complex forest-savanna mosaic (Schwartz et al., 1990; Broadbent et al.,
2008; Ngomanda et al., 2009a). Indeed, Figure 7.6B shows that palaeofires were abundant
during and after this period.
A second period of remarkable palaeofire abundance coincides with two other well-known
climate anomalies: the Medieval Climate Anomaly (MCA, 1.1 - 0.7 ka BP) and the Little Ice
Age (LIA, 0.6 - 0.15 cal yr BP) (Figure 7.6.D). The MCA was perhaps characterised by
increased seasonality analogous to the third millennium BP. Pollen records show increasing
abundance of shade-intolerant taxa in the Lower Guinea, attributed to fluctuating wet-dry
conditions (Ngomanda et al., 2007; Brncic et al., 2009). Climate would have been generally
drier in the tropics (Verschuren et al., 2000; Mayewski et al., 2004). Furthermore, the shortly
following LIA was likely the most severe global cold relapse since the 8.2 ka BP event
(Bond et al., 1997, 2001; Wanner et al., 2011). However, its impact on Central Africa is
rather complex. Some authors mention a distinctly wetter climate in East Africa due to a
shift toward an El Niño-like SST gradient in the Pacific Ocean (Verschuren et al., 2000;
Mayewski et al., 2004; Russell & Johnson, 2007), whereas others mention a distinctly drier
climate in the Congo Basin and West Africa due to a more southward position of the ITCZ
(Ngomanda et al., 2007; Russell & Johnson, 2007; for a synthesis: Verschuren & Charman,
2008).
SST-inferred droughts
Sea Surface temperature (SST) in the equatorial Atlantic Ocean undoubtedly has an
important influence on Lower Guinean precipitation regimes (Camberlin et al., 2001;
Schefuß et al., 2005; Balas et al., 2007). Palaeoclimate and vegetation reconstructions
based on palynological records in Cameroon and Gabon are often linked to SST
reconstructions from the Gulf of Guinea (Figure 7.1A) (Maley, 2002; Weldeab, 2007;
Ngomanda et al., 2009b). Yet, precipitation patterns in the Lower Guinea are spatially
complex, suggesting that the regime in the Bas-Congo could have been slightly different
from the regimes in Cameroon and Gabon (Balas et al., 2007; Ngomanda et al., 2009b).
Therefore, palaeofire and vegetation reconstructions in Figure 7.6B are presented along
with a reconstruction of SST from marine core GeoB 6518-1 near the mouth of the Congo
River, which is located less than 200 km from the sampling sites (Figure 7.1A, Figure
7.6.E) (Schefuß et al., 2005). Also, SST differences between the tropics and the subtropics
of the South Atlantic Ocean are shown to be a main factor controlling Central African
Figure 7.6E) (Kim et al.,
counteracting the inflow of moist air from the Atlantic Ocean. This causes more pronounced
aridity during dry seasons (Schefuß et al., 2005).
changes, linked to reduced solar activity, which is thought to have global impact (Bond
cycles, Figure 7.6F) (Bond et al., 1997, 2001; Mayewski et al., 2004; Wanner et al., 2011).
associated with Bond event 2 and droughts recorded all over the Lower Guinea (Figure
7.6D) initially did not trigger palaeofire occurrence. This confirms possible rainforest
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resistance against a certain degree of aridity (Cochrane, 2003; Schefuß et al., 2005).
However, it is possible that fires from severe arid periods are less represented in the
anthracological record because rainforests were locally replaced by savanna types.
Figure 7.6E)
characterized by extreme aridity and combustibility of forest gaps, which eventually
triggered an abrupt increase in palaeofire occurrence. Indeed, Bond cycle 5b (8.5 - 8.2 ka
Holocene climatic transition, associated with the final retreat of continental ice sheets and
distinct aridification in Central Africa (Stager & Mayewski, 1997; Alley & Ágústsdóttir, 2005;
associated with Bond cycles 2 (3.3 - 2.5 ka BP) and 1 (1.6 - 1.4 ka BP), coincide roughly
with the third millennium BP rainforest crisis and the Medieval Climate Anomaly respectively
(grey bands in Figure 7.6D and Figure 7.6E
present. This probably caused a permanent fire-prone state of open vegetation patches,
explaining the abundance of fire events during that period as opposed to the Holocene
Thermal Optimum.
As such, Figure 7.6
extremely arid dry seasons could explain the occurrence of dry climate anomalies and
River mouth and the southern subtropics (Kim et al., 2002; Schefuß et al., 2005; Figure
7.6E) seem to lack an explanation for fire-prone canopy gap formation, a key factor
provoking fires in rainforests (Cochrane et al., 1999; Cochrane, 2003). The formation of
cumuliform clouds and the occurrence of destructive rainstorms during the third millennium
BP in Cameroon and Gabon are attributed to sharply rising SST in the Gulf of Guinea
(Maley, 2002; Weldeab et al., 2007; Ngomanda et al., 2009b). In contrast, SST at the
Congo River mouth does not vary much (Figure 7.6E). Perhaps destructive rainstorms
creating canopy gaps may have occurred during all wet seasons due to the passage of the
ITCZ. In this case, the decisive factor would be the length or intensity of the dry season
more moisture for torrential rainfall during the wet season (Schefuß, personal
communication).
Lagging palaeofires
Some recorded palaeofires (Figure 7.6B) occurred during climatic drought phases (Figure
7.6D Figure 7.6E), but most fires lag behind them, sometimes for
more than five centuries (profiles KS8, KS9, CZ1). The relative scarcity of palaeofires
during the anomalies themselves might be explained by a larger extent of savanna
formations, where fires produce relatively few macrocharcoal fragments (cf. supra). Climatic
anomalies probably had a large impact on the vegetation, leaving behind a severely
fragmented forest-savanna structure with open patches that remained fire-prone during dry
seasons for centuries after the actual climate anomaly. This suggests that forest
regeneration in a heavily fragmented environment is seriously hampered by fire, making it a
very slow process which can apparently take up to 500 years (see also Cochrane et al.,
1999). Yet, a small period of palaeofire absence between 1.5 and 0.8 ka BP lagging behind
regeneration success. Also, pollen records from the Lower Guinea indicate a return to
relatively stable conditions after 2 ka BP, favouring forest regeneration as indicated by an
abundance of pioneer species (Schwartz et al., 1990; Ngomanda et al., 2009a).
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Human impact?
A persistent ‘burning’ question is whether and how humans influenced forest fragmentation
and fire regimes in Central Africa during the Holocene. Several archaeological sites indicate
the presence of Bantu-speaking people in western RoC since the third millennium BP
(Schwartz et al., 1990; Denbow, 1990, 2012). Bantu-speaking migrants introduced farming
and iron smelting activities in the Lower Guinea, putting a certain pressure on the
surrounding forest (Schwartz et al., 1990; Neumann et al., 2012a, 2012b). As an example,
Figure 7.6C presents a charcoal assemblage originating from fuelwood remains, found in
an Iron Age site dating back to 1.2 - 0.8 ka BP near the Lukula community at the edge of
the Mayumbe forest (Figure 7.1B). The species composition of this assemblage paints a
picture of habits regarding the uses of wood and eventual fuelwood selection strategies (for
a detailed discussion: see Chapter 6). Also, the presence of pottery shards and oil palm
endocarps in profiles UH48 (2.1 ka BP) and CZ3 (0.6 ka BP), suggests that these charcoal
assemblages might originate from slash-and-burn events (Hubau et al., 2012, accepted).
However, archaeological evidence for anthropogenic influence on the vegetation in the
Lower Guinea is very scarce compared to other parts of the world (Neumann et al., 2012a,
2012b). Probably, farming was only a minor activity until the last millennium (Brncic et al.,
2007; Neumann et al., 2012b). Indeed, no direct evidence for anthropogenic influence has
been recorded in all other charcoal assemblages in the southern Mayumbe. The Kisala
Singa profiles were excavated in an area characterised by very steep slopes which
safeguarded the mature rainforest for exploitation during the last century. Likewise, the
roughness of the terrain could have discouraged early migrants. This is illustrated by the
rather large variety of archaeological sites located in open areas such as the Atlantic
coastal savannas in RoC (e.g. Tchissanga, Loubanzi and Madingo-Kayes, Denbow, 2012)
and the savanna area of the Bas-Congo south of the Congo River (e.g. Sakusi and Ngovo,
de Maret, 1990), in contrast to the scarcity of archaeological sites in the heart of the
Mayumbe forest. Furthermore, people prefer cutting soft pioneer trees (Neumann et al.,
2012a, 2012b; chapter 6), which are particularly abundant near forest edges suffering most
from natural climate anomalies.
Three fire events recorded in profiles KS8, KS9 and CZ3 took place before the onset of
Bantu migrations (Figure 7.6B). Although nearby stone-age sites yield evidence for human
presence in the Lower Guinea during the Pleistocene and the Early Holocene (Cahen &
Moeyersons, 1977; Oslisly, 2001; Cornelissen, 2013), there is no evidence that prehistoric
hunter-gatherers intentionally burned the forest. This suggests that these palaeofires were
most likely naturally ignited by lightning strikes (Hart et al., 1996; Scott, 2000; Williams &
Sátori, 2004) and that palaeofires throughout the Holocene were undoubtedly not only
ignited by humans. Palaeoclimate anomalies were likely a driving force that triggered
increased palaeofire occurrence but which also forced human migrations and the
introduction of forest management activities in the Lower Guinea. As a conclusion, climatic
and anthropogenic pressures were mutually reinforcing since the third millennium BP.
7.4.3 Vegetation history
The Kisala Singa area until 0.8 ka BP
Identification results show that mature rainforest persisted on the KS8 and KS9 sites
through the Early to Mid-Holocene climatic transition, the subsequent Holocene Thermal
Optimum and the third millennium BP rainforest crisis (Figure 7.6B). The most remarkable
mature semi-deciduous rainforest indicators are amongst the highest ranked species of
charcoal types MEL GUA SPP (cf. Guarea spp.), MEL ENT CAN (cf. Entandrophragma
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spp.) and OLA HEI SPP (cf. Heisteria spp.) in the 7.8 ka BP charcoal assemblage (Figure
7.5), CAE TET BIF (cf. Tetraberlinia spp.) in the 6.8 ka BP charcoal assemblage (Figure
7.4), VOC ERI EXS (cf. Erismadelphus exsul) in the 2.3 ka BP KS8 assemblage, CAE SCO
ZEN (cf. Scorodophloeus zenkeri), MIM PAR SPP (cf. Parkia spp.), RUB COR SPP (cf.
Corynanthe spp.), SAP MAN SPP (cf. Manilkara spp.) and MEL ENT CYL (cf.
Entandrophragma cylindricum) in the 1.8 ka BP KS8 assemblage and OLA STR TET (cf.
Strombosiopsis tetrandra), MEL ENT CYL (cf. Entandrophragma cylindricum), CAE CYN
ALE and CAE CYN MAN (cf. Cynometra spp.) in the 1.8 ka BP KS9 assemblage (Lebrun &
Gilbert, 1954; Leal, 2004; Protabase, 2012). The only indication for vegetation change
before 0.8 ka BP in the Kisala Singa area is at the KS9 site, where some regenerating
forest types such as VER VIT SPP (cf. Vernonia conferta) and ANN XYL AET (cf. Xylopia
aethiopica) occur in the 1.8 ka BP assemblage.
The Kisala Singa forest was probably dominated by mature semi-deciduous rainforest until
the last millennium BP. The area belongs to a postulated rainforest refuge that is thought to
be safeguarded from climate anomalies due to its geographic location (Sosef, 1994; Maley,
1994). Yet the occurrence of palaeofires indicates significant canopy disturbance during
and after the Early to Mid-Holocene climatic transition, the third millennium BP crisis and
the MCA. This indicates that there must have been fire-prone open patches in the direct
vicinity of the sample sites. As such, the landscape was probably fragmented but not
severely. It was probably dominated by a forest matrix dotted with occasional patches of
open vegetation types (Figure 7.1B).
The forest edge until 0.8 ka BP
Analogous to the Kisala Singa area, mature rainforest patches also survived through the
third millennium BP crisis in the Luki reserve, as indicated by several charcoal types from
the UH48 assemblage, yielding typical mature rainforest indicators after identification.
Examples are CAE CYN MAN (cf. Cynometra spp.), CAE GIL MAY (cf. Gilbertiodendron
spp.), CAE TET BIF (cf. Tetraberlinia spp.), MYR COE SPP (cf. Coelocaryon spp.) and
MEL GUA SPP (cf. Guarea spp.) (Donis, 1948; Lebrun & Gilbert, 1954; Leal, 2004; Hubau
et al., accepted). Yet, in the CZ1 assemblage the dominance of types yielding especially
pioneers after identification (e.g. APO ALS SPP, MYR PYC ANG, COM TER SUP)
indicates that mature rainforest locally disappeared during the rainforest crisis and
regenerated afterwards, which is in line with increased pioneer abundance in most Lower
Guinean pollen records during the first part of the second millennium BP (Reynaud-Farrera
et al., 1996; Elenga et al., 1996, 2004; Maley & Brenac, 1998; Ngomanda et al., 2007,
2009a, 2009b; Hubau et al., accepted).
Some fragments in the Lukula assemblage contaminated the archaeological assemblage as
they were likely formed during a forest wildfire between 2.3 – 2 ka BP, long before the
epoch of the settlement where the rest of the assemblage was formed (Figure 7.6C). The
contaminating fragments belonged to charcoal type MOR MIL EXC, for which Milicia
excelsa is the only highest ranked species. This is a long-lived pioneer indicating forest
disturbance during the third millennium BP crisis.
The rest of the Lukula assemblage originates from fuelwood remains and was formed
during a period of maximum 440 years between 1.2 and 0.7 ka BP. It represents a
‘synthetic’ deposit of scattered charcoal fragments that is a result of long-term deposition.
Species composition reflects the surrounding vegetation during that period, identified as a
fragmented forest-savanna mosaic similar to the current situation (Théry-Parisot et al.,
2010; see Chapter 6). The Lukula area was dominated by mature rainforest taxa (e.g. CLU
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MAM AFR, IRV IRV GAB) although the assemblage also contains many charcoal types
yielding pioneers after identification (e.g. MOR MUS CEC), and even a few charcoal types
yielding woodland savanna species (e.g. PHY BRI FER). This illustrates that humans had
access to different vegetation types in a fragmented forest-savanna landscape. This
suggests that regeneration since the third millennium BP crisis was still ongoing on the
southernmost forest boundary or that there was already a forest breakdown effect of the
Medieval Climate Anomaly (see Chapter 6).
As a conclusion, disturbance and fragmentation since the third millennium BP were stronger
near the forest boundary (Luki and Lukula) than in the Kisala Singa area in the heart of the
Mayumbe forest (see Figure 7.1B), as evidenced by the larger amount of pioneers and
regenerating forest indicators.
Severe fragmentation after 0.8 ka BP
After 0.8 ka BP, forests were heavily fragmented in both the Kisala Singa and the Luki
areas as indicated by the dominance of types yielding savanna woodland species (PHY
HYM SPP, RUB MIT INE, VER VIT SPP), long-lived pioneers (MOR MIL EXC) and short-
lived pioneers (MOR MUS CEC) in the KS9 assemblage (Figure 7.4), the dominance of
liana types (APO ANC PYR, LIN HUG PLA) and woodland taxa (PHY BRI FER, RUB NAU
SPP, COM COM SPP) in the CZ2 assemblage (Chapter 5; Hubau et al., accepted) and
the dominance of types yielding pioneers (APO FUN AFR, MIM NEW SPP, CAE AFZ SPP,
CAE ANT SPP) in the CZ3 assemblage (Figure 7.6B). On the KS8 site, two palaeofires
shortly followed each other. The oldest burned a mature evergreen and semi-deciduous
rainforest stand as indicated by the presence of charcoal types OLA STR TET (cf.
Strombosiopsis tetrandra), OLA HEI SPP (cf. Heisteria spp.) and MEL GUA SPP (cf.
Guarea spp.) (Figure 7.5) (Lebrun & Gilbert, 1954; Protabase, 2012). This suggests that
forest regeneration after the third millennium BP crisis was at least locally successful. Yet,
after the MCA the forest was replaced by a mixture of mature rainforest taxa (e.g. CAE
SCO ZEN), prominent pioneers (MYR PYC ANG) and woodland savanna taxa (RUB NAU
SPP, RUB MIT INE), indicating ongoing and disturbed regeneration during the LIA between
0.45 and 0.35 ka BP. Finally, both the KS8 and KS9 sites were excavated in mature
rainforest, with only sporadic small open patches. This suggests that forest fragmentation
was perhaps not that severe or that forest regeneration has already been successful since
the last disturbances.
7.5 Conclusions
Together, the Kisala Singa, Lukula and Luki profiles yielded 14 charcoal assemblages from
which one was formed during a palaeofire outside the range of radiocarbon dating (>43.5
ka BP). The other assemblages were formed during wildfires that occurred during three
distinct periods: 7.8 - 6.8 ka BP, 2.3 - 1.5 ka BP, 0.8 ka BP - present. The two Kisala Singa
profiles together yielded 8 charcoal assemblages resulting from 8 different palaeofires,
whereas the four Luki profiles together only yielded 5 assemblages, from which only one
was older than 2.3 ka. Yet, the Luki reserve is expected to be most sensitive to climate
change and palaeofire occurrence regarding its position on the forest boundary. This
apparent discrepancy could be explained by (1) differences in profile development
processes and (2) a lack of continuity in the palaeoenvironmental archive.
All recorded palaeofires occurred during or shortly after three well-known Holocene climate
anomalies: the 8.2 ka BP event, the third millennium BP rainforest crisis and the MCA (1.1 -
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aridity and combustibility. Climate anomalies probably had a large impact on the vegetation,
leaving behind a severely fragmented forest structure with many open patches that burned
during dry seasons and remained fire-prone after the anomalies. This suggests that forest
regeneration in a heavily fragmented environment is seriously hampered by fire, making it a
very slow process which can take up to 500 years. In contrast, palaeofires were absent
throughout the Holocene Thermal Optimum, which was a very wet period in Central Africa,
reducing combustibility. The occurrence of wildfires as a response on the 8.2 ka BP event,
before the epoch of Bantu migrations and anthropogenic burning, shows the significance of
natural palaeofire regimes. Yet, since the third millennium BP, climatic and anthropogenic
pressures were mutually reinforcing although palaeoclimate was probably the driving force
and palaeofires were undoubtedly not only ignited by humans.
Charcoal identification results show that mature rainforest persisted on the KS8 and KS9
sites through the Early to Mid-Holocene climatic transition, the subsequent Holocene
Thermal Optimum and the third millennium BP rainforest crisis, although it was ravaged by
forest fires, probably ignited in small forest gaps. This indicates that there must have been
fire-prone open patches in the direct vicinity of the sampling sites. As such, the landscape
was probably fragmented but not severely in the heart of the Mayumbe forest. It was
perhaps dominated by a forest matrix dotted with occasional patches of open vegetation
types. In contrast, mature rainforest was locally replaced by pioneer formations in the Luki
and Lukula areas at the edge of the Mayumbe forest. After the MCA (1.1 - 0.8 ka BP),
forests were heavily fragmented in both the Kisala Singa and the Luki areas as indicated by
the dominance of savanna woodland, pioneers and lianas in most charcoal assemblages.
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Mature rainforest landscape (left) and more open landscapes dominated by woodland savanna,
grass savanna and pioneer formations (right).
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Conclusions and future prospects
8.1 Conclusions PART I Development of a charcoal identification
protocol for Central Africa
1. Development of a transparent and scientifically sound charcoal identification
protocol for Central African ancient charcoal, taking into account a large number of
Central African woody species.
First of all, an umbrella database (Woody Species Database, WSD) was compiled of (1) the
InsideWood database, (2) the digitized reference collection database of the xylarium of the
RMCA (Royal Museum for Central Africa, Tervuren, Belgium) and (3) indicator species lists
(Lebrun & Gilbert, 1954; Leal, 2004). In order to optimize the protocol for the study area, (4)
species from inventory lists were added to the database.
The WSD enables a directed search taking into account metadata on (1) anatomical
features, (2) availability of thin sections within the reference collection of the RMCA, (3)
species distribution and (4) synonymy. Numbers reported by FAO (2005) indicate that the
2909 Central African woody species covered by this database are a substantial percentage
of the total woody species richness of Central Africa. The Central African charcoal
identification protocol presented here starts with an anatomical query within the WSD,
proceeds with automatic extension and reduction phases of the resulting species list and
ends with a comparative microscopic study of wood reference thin sections and charcoal
anatomy.
2. Evaluation and application of the protocol.
2218 (= 76.2%) of the 2909 Central African species are considered by the identification
protocol. This is substantial compared to existing identification protocols for South America
and Europe. Additionally, the protocol has a large geographical applicability, as it can be
optimised for every research area within Central Africa if inventory and indicator species
lists are available. Moreover, as the reference collection and InsideWood databases are
growing on a regular basis, the power of the protocol is still increasing. Finally, anthracology
could confirm the presence of taxa which are underrepresented in pollen spectra and
specify the abundance of overrepresented taxa. As such, a combination of both disciplines
can produce stronger palaeobotanical reconstructions.
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The protocol was optimised for the Mayumbe (DRCongo) and applied on charcoal from the
UH48 profile in the Luki reserve. 13 out of 16 charcoal types originated clearly from mature
hardwood and could be identified. All best ranked species occur in rainforest and the best
ranked species of some charcoal types (e.g. Gilbertiodendron mayombense) are indicator
species for old-growth rainforest. This is a consistent result and a first evidence for the
validity of the protocol. Furthermore, the presence of endocarps of the pioneer species
Elaeis guineensis in the same profile can be explained by the presence of humans that
used those fruits. The presence of humans is confirmed by the finding of pottery shards.
Probably, humans entered the rainforest carrying pots and oil palm fruits from regenerating
forest located nearby. This also seems to confirm the existence of a complex and shifting
forest-savanna mosaic pattern in the southern Mayumbe, as proposed by several authors.
3. How do complementary imaging techniques contribute to the understanding and
visualization of the anatomical difficulties when identifying ancient charcoal remains
from species-rich biomes?
Identification of ancient charcoal fragments from species-rich biomes such as Central Africa
benefits substantially from the use of complementary visualization techniques. Specifically,
RLM is used to study large amounts of charcoal fragments and group them in charcoal
types. Next, SEM and high-throughput µCT (HT-µCT) are used for detailed anatomical
description of the charcoal types. They are highly compatible and fast visualization
techniques. SEM offers a very elaborate image, allowing visualization of very small details
such as intervessel pits, vestures and vessel-ray pitting. However, the available observation
field is limited to small exposed areas on the surface of the sample and anatomical
characteristics can be lost due to damage caused by hand fracturing for sample
preparation. On the other hand, HT-µCT offers less detail but it allows unlimited non-
destructive ‘reslicing’ of the charcoal sample, resulting in several virtual thin sections.
Finally, features that are scarcely present or obscured by e.g. vessel deposits may be
difficult to visualize using SEM and HT-µCT. These charcoal types are visualized using
high-resolution nanoCT. A directed search in nanoCT volumes allows localisation of
‘invisible’ features such as intervessel pits under coated surfaces.
Nevertheless, researchers need to deal with several anatomical difficulties during the
identification process: (1) anatomical similarities between different charcoal types, (2)
anatomical similarities between reference thin sections of many woody species, (3)
anatomical variability within a charcoal type and (4) disturbed ‘clarity’ or ‘readability’ of
charcoal anatomy. These difficulties are inherent in wood anatomy. Although
complementary imaging techniques maximise identification success, these difficulties
sometimes unavoidably impede unambiguous identification. However, by characterization
and evaluation of difficulties, the wood anatomist is able to distinguish between sound
identifications and ambiguous identifications. This strengthens palaeobotanical
interpretation of ancient charcoal assemblages, focusing on the strongest identifications.
4. Development of an identification reliability evaluation system
Six identification reliability evaluation criteria have been applied on 84 identified charcoal
types from 14 charcoal assemblages used for palaeobotanical reconstruction and
palaeoecological interpretation in PART II of this PhD. Four of these criteria (A-D) are
based on anatomy-related difficulties that can be visualized and characterized using
complementary imaging techniques (cf. supra). Two criteria (E-F) are related to the
phytosociological characteristics of the species retained after the identification protocol.
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A. Clarity: Charcoal anatomy is very clear for 53%, moderately clear for 39% and
unclear for only 8% of the charcoal types. Intervessel pits are unclear in only 14% of
the charcoal types.
B. Variability within type: Only 29% of the identified charcoal types yielded some
intra-type variability.
C. Variability between types: 83% of the charcoal types resemble two or more other
types, with a maximum of 10 resembling types. Only 9 charcoal types resemble no
other types.
D. Resemblance with reference material: After identification, one or several species
are retained and ranked according to their resemblance with the charcoal type
anatomy. 98% of the charcoal types resemble their highest ranked woody species
almost perfectly or at least very well, while only four charcoal types resemble their
highest ranked species only moderately. For 53%, there are more than two highest
ranked species, which could possibly complicate palaeobotanical interpretation,
depending on the ecology of all highest ranked species.
E. phytosociological similarity: For 72% of the charcoal types, the highest ranked
species have similar habitat preferences.
F. Indicator value: 77% of the charcoal types have at least one highest ranked
species with indicator value.
Criteria D and E are a reflexion of the palaeobotanical interpretation value of the charcoal
type within the charcoal assemblage. Therefore, a 6-class reliability rank has been
developed combining these criteria:
37% of the charcoal types have phytosociologically unambiguous highest ranked
species which resemble the charcoal anatomy almost perfectly (class 1).
34% of the charcoal types have phytosociologically unambiguous highest ranked
species which resemble the charcoal anatomy very well (class 2).
1% of the charcoal types have phytosociologically unambiguous highest ranked
species which resemble the charcoal anatomy only moderately (class 3).
13% of the charcoal types have phytosociologically ambiguous highest ranked
species which resemble the charcoal anatomy almost perfectly (class 4).
14% of the charcoal types have phytosociologically ambiguous highest ranked
species which resemble the charcoal anatomy very well (class 5).
1% of the charcoal types have phytosociologically ambiguous highest ranked
species which resemble the charcoal anatomy only moderately (class 6).
As such, it is possible to separate strong identifications (e.g. reliability classes 1 and 2) from
weaker ones (e.g. reliability classes 3, 4, 5 and 6). If weaker identifications are omitted,
palaeoecological interpretation of the charcoal assemblage might be slightly different.
Finally, one should keep in mind that identification of charcoal from species-rich biomes will
always be to a large extent interpretation. Although the evaluation system presented here
allows to differentiate between ‘good’ and ‘worse’ identifications, it does not provide an
absolute solution for the uncertainty that will always exist.
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8.2 Conclusions PART II Application of the protocol
1. What was the palaeofire regime of the southern Mayumbe in terms of temporal and
spatial fire occurrence? Are palaeofire regimes similar or less intense in the more
densely forested Kisala Singa area in the heart of the Mayumbe forest compared to
those at the edge of the forest, i.e. in the Luki reserve and around the Lukula
community?
Together, the Kisala Singa and Luki profiles yielded 13 charcoal assemblages. The two
Kisala Singa profiles (KS8, KS9) together yielded 8 charcoal assemblages resulting from 8
different palaeofires, whereas the four Luki profiles (CZ1, CZ2, CZ3, UH48) together only
yielded 5 assemblages, from which only one was older than 2.3 ka. Yet, the Luki reserve is
expected to be most sensitive to climate change and palaeofire occurrence regarding its
position on the forest boundary. This apparent discrepancy could be explained by
differences in profile development processes. Profiles yielding more than one charcoal
assemblage (KS8, KS9, CZ3) were limited by a gravel layer between 50 and 100 cm which
impeded post-depositional charcoal translocation due to e.g. bioturbation, whereas charcoal
fragments were able to migrate freely through profiles without gravel (CZ1, CZ2, UH48),
resulting in an outspread charcoal distribution. Apart from rapid burial, the lack of older
charcoal in the Luki profiles may be explained by a discontinuity in the macrocharcoal
record. Specifically, temporal gaps may be due to a scarcity of woody plants at the study
sites, combined with limited soil accumulation and profile development during severely dry
episodes.
One profile yielded charcoal from around 600 cal yr BP and a deeper charcoal layer of
>43.5 ka BP. This illustrates occasional long-term absence of fire, but also natural wildfire
occurrence in tropical rainforest as the oldest palaeofire occurred beyond the epoch of
anthropogenic burning and the charcoal fragments were derived from a mature rainforest
taxon (CAE GUI SPP, cf. Guibourtia spp.). Apart from this oldest occurrence, all other
recorded Kisala Singa and Luki assemblages were formed by Holocene wildfires that
occurred during three distinct periods: 7.8 - 6.8 ka BP, 2.3 - 1.5 ka BP and 0.8 ka BP -
present.
The Lukula assemblage was undoubtedly a remnant of fuelwood burning in a community
around 1 ka BP, although the archaeological assemblage was contaminated with older
charcoal fragments originating from a wildfire between 2.3 - 2 ka BP, which is within one of
the distinct palaeofire periods recorded in the Kisala Singa and Luki areas. Contamination
was probably a result of in situ vertical reworking due to bioturbation or due to human
disturbance of the community floor and horizontal movement of charcoal fragments around
1 ka BP.
2. How can palaeofire regimes be explained considering the framework of existing
palaeoclimate reconstructions? How fast can forests recover from destruction?
All recorded palaeofires occurred during or shortly after three well-known Holocene climate
anomalies: the 8.2 ka BP event, the third millennium BP rainforest crisis and the Medieval
Climate Anomaly (MCA, 1.1 - 0.7 ka BP). They are associated with Bond events and
necessarily provoke forest fires as illustrated by the absence of palaeofires associated with
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Bond events 3 and 4. Apparently, rainforests are resistant to droughts to a certain degree.
Some palaeofires occurred during climate anomalies although most fires lagged behind
them, sometimes for more than five centuries. This shows that the climate anomalies
probably had a large impact on the vegetation, leaving behind a severely fragmented forest
structure with many open patches that remained fire-prone after the anomalies and
occasionally burned during dry seasons. This suggests that forest regeneration in a heavily
fragmented environment is seriously hampered by fire, making it a very slow process which
can take up to 500 years. Yet, forest regeneration can eventually be successful as
illustrated by an absence of palaeofires between 1.5 and 0.8 ka BP, a period lagging behind
anomaly. Palaeofire intensity probably decreased because many forest gaps were
overgrown. Likewise, palaeofires were absent throughout the Holocene Thermal Optimum,
which was a very wet period in Central Africa, reducing combustibility.
Finally, the oldest recorded palaeofire (>43.5 ka BP) may date from the (later phases of)
MIS 5, i.e. older than ca.75 ka BP, unless episodes of rapid climate change during
Dansgaard–Oeschger cycles and Heinrich stadials in MIS 3-4 allowed short-lived
development of local rainforest, occasionally disturbed by fire.
3. Did palaeoclimate anomalies cause significant vegetation change in the southern
Mayumbe? Were these changes significantly different in the heart of the forest
(Kisala Singa area) as opposed to the forest edge (Luki and Lukula area)?
Mature rainforest (e.g. CAE GIL MAY, cf. Gilbertiodendron spp.; CAE TET BIF, cf.
Tetraberlinia bifoliolata; OLA STR TET, cf. Strombosiopsis spp.) persisted in both the heart
and the edge of the rainforest until the end of the third millennium BP rainforest crisis,
illustrating possible rainforest resilience, even at the edge of the Central African forest area.
Yet, the mature rainforest patches were eventually burned, confirming the destructive
effects of climate anomalies.
Charcoal identification results show that mature rainforest persisted on the KS8 and KS9
sites through the Early to Mid-Holocene climatic transition, the subsequent Holocene
Thermal Optimum and the third millennium BP rainforest crisis, although it was ravaged by
forest fires, probably ignited in (small) forest gaps. This indicates that there must have been
fire-prone open patches in the direct vicinity of the sampling sites. As such, the landscape
was probably fragmented but not severely in the heart of the Mayumbe forest. It was
perhaps dominated by a forest matrix dotted with occasional patches of open vegetation
types. In contrast, mature rainforest was locally replaced by pioneer formations (e.g. MYR
PYC ANG, cf. Pycnanthus angolensis; APO ALS SPP, cf. Alstonia spp.) during and after
the third millennium BP crisis in the Luki and Lukula areas at the edge of the Mayumbe
forest.
After the MCA (1.1 - 0.8 ka BP), forests were heavily fragmented in both the Kisala Singa
and the Luki/Lukula areas as indicated by the dominance of savanna woodland (e.g. PHY
BRI FER, cf. Bridelia ferruginea), pioneers (e.g. APO FUN AFR, cf. Funtumia africana; CAE
AFZ SPP, cf. Afzelia spp.; MOR MUS CEC, cf. Musanga cecropioïdes) and lianas (e.g. LIN
HUG PLA, cf. Hugonia platysepala) in most charcoal assemblages. This illustrates the
significance of this event in Central Africa and the tardiness of forest regeneration after the
climate anomaly, analogous to the slow regeneration after the third millennium BP crisis.
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4. Were palaeofires only caused by climate anomalies or also by humans?
Bantu migrants reached the southern Mayumbe around 2500 cal yr BP, introducing
agriculture. Pottery shards were associated with two charcoal assemblages from the Luki
area, indicating possible anthropogenic burning. Yet no evidence for the presence or
involvement of humans was found in the other profiles. Moreover, the charcoal
assemblages dating back to 6.8, 7.8 and >43.5 ka BP occurred before the epoch of Bantu
migrations and anthropogenic burning, illustrating the significance of natural palaeofire
regimes.
Shifting cultivation was initially only a marginal activity practised preferably in regenerating
forest stands, as pioneer trees are mostly easy to cut. As such, conclusions regarding the
anthropogenic nature of fires have to be drawn with caution. Natural climate anomalies and
palaeofires were probably the main driving forces for both vegetation change and human
migrations. In turn, shifting cultivation amplified the destructive effects of natural climate
anomalies, although anthropogenic burning probably only became important during the last
millennium.
5. Where did people from an ancient community in the southern Mayumbe gather
fuelwood?
An archaeological assemblage near the Lukula community located at the southernmost
boundary of the Mayumbe forest (Bas-Congo, DRC) yielded pot shards, iron slag and
charcoal resulting from human activities covering a time span between 1200 and 700 cal yr
BP. Analysis of charcoal fragments yielded 30 different woody species from which 26 were
identified. 12 belong to mature rainforest species, 10 to prominent pioneers or regenerating
forest species and 4 to woodland savanna species or species with a large ecological
tolerance. A list of 71 species preferred for modern charcoal production in the southern
Mayumbe shows the same phytosociological variety. This indicates that people do not and
did not prefer a certain environment for fuelwood gathering.
6. Were there preferences with regards to fuelwood characteristics?
No particular wood qualities seem to dominate the Lukula assemblage. Wood density
ranges from 111 to 838 kg m-3 and HHV ranges from 18.52 to 20.33 MJ kg-1. These are
very broad ranges, indicating that no particular light or heavy woods were preferred or
woods with particular low or high calorimetric value. Yet, some species might have been
selected for their magical or medicinal values. Probably, the assemblage is composed of
refuses from various activities such as heating, cooking, iron smelting or fuel burning for
ceremonial or medicinal purposes.
7. Do eventual fuelwood preferences differ between ancient and modern
communities?
Only six of the 25 identified species from the Lukula profile were also reported as being
preferred for modern charcoal production. As such, modern fuelwood preferences seem to
differ from ancient preferences. Moreover, linguistic evidence points towards a long
exploitation history for some of the recorded species in the Lukula assemblage but not for
all of them. This could suggest that selection strategies were not always maintained. Also,
selection strategies might be very different depending on the activity. Probably the
settlement of this ancient community contains refuses from a wide variety of activities such
as cooking, heating, iron smelting, pottery production and fuel burning for ceremonial or
medicinal purposes and indicates that perceived firewood quality depends on activity-
specific requirements.
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8.3 Future prospects
8.3.1 Towards a charcoal-based framework of Central African palaeorecords?
This PhD will substantially (re)animate the field of Central African charcoal analysis.
Systematic pedoanthracology in Central Africa has been avoided by wood anatomists and
charcoal experts from all over the world. One of the main reasons is the immense diversity
of the woody species community in the rainforests and the lack of digitized databases
covering a substantial part of these woody species and their metadata. Therefore, the
Laboratory for Wood Biology at the Royal Museum for Central Africa (Tervuren, Belgium)
put years of effort into digitizing the specimen metadata of the Tervuren xylarium,
representing one of the largest collections of Central African wood samples and thin
sections. The result is the on-line Tervuren Xylarium Wood Database (2012) which contains
species names, metadata and sometimes also images of thin sections. Next to this
comprehensive and digitized reference collection, a second indispensable ‘tool’ for
anthracology in species-rich regions has been developed over the last decades. It is a
database allowing a directed search based on anatomical features: InsideWood.
This PhD presents the development and application of a charcoal identification protocol
based on the combined power of the xylarium and InsideWood. Such a protocol has never
been developed before for Central Africa. An excel version of the protocol is included on the
DVD (IDENTIFICATION PROTOCOL.xlsx), accompanied by a comprehensive manual
outlining each identification phase. Additionally, the DVD contains a video presenting a
screen record of an identification performed using the identification protocol
(IDENTIFICATION EXAMPLE.avi) (Appendix 1). Within the xylarium of the RMCA, the
protocol is easily applicable when following the guidelines in the manual. African and
European researchers have already been trained in its use. Furthermore, the protocol can
be optimised for any research area when adding inventory and indicator species lists
(Chapter 2). As such, students and other researchers focusing on wood and charcoal
anatomy will be able to apply the protocol which could eventually lead to a series of
anthracology-based Central African palaeorecords comparable and compatible with the
substantial work that has been done by palynologists. Also, the eventual emergence of a
(new) generation of Central African anthracologists will be highly appreciated by
archaeologists who dispose of archaeobotanical collections that are yet unstudied.
Apart from charcoal identification, pedoanthracology can lead to detailed reconstructions of
palaeofire regimes. As presented in Chapter 7, combined information of several profiles
can provide a detailed temporal and spatial framework of palaeofire regimes in a certain
region. As some profiles yield traces of palaeofires that occurred beyond the era of frequent
anthropogenic burning, these palaeofire regime reconstructions give an idea of a very
important but as yet largely unknown aspect of environmental responses to natural climate
change. If more profiles from the southern Mayumbe are studied, the palaeofire framework
presented in Figure 7.6 will be completed, which will provide a stronger basis to discuss the
complex causal network of driving forces and responses to (palaeo)climate change in
Central Africa.
Yet, an intriguing question that will persist is to what extent humans amplified the
destructive effects of natural climate change by using fire for agricultural purposes and by
cutting trees for use as fuel, construction or other applications. Temporal palaeofire
absence in all profiles as presented in Figure 7.6 for the periods between 6.8 and 2.3 ka
BP and between 1.5 and 0.8 ka BP could be attributed to palaeoclimatic conditions
hampering natural combustion, but also to a temporal absence of humans in the area.
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Pedoanthracology can only provide substantial evidence for human involvement in palaofire
occurrence if remains such as pot shards or palm nuts are found together with the charcoal
fragments. Yet, habits regarding species selection for use as fuelwood can be
reconstructed by analysing charcoal from archaeological sites as the example of the Lukula
profile illustrates (Chapter 6). Still, much more information is needed before a
comprehensive notion of past fuelwood selection habits can be established for Central
Africa.
8.3.2 Towards a comprehensive on-line umbrella database?
Taxonomic synonymy is a problem that should not be underestimated. As species
information is scattered over numerous manuscripts and databases, several sources have
to be used when looking for different aspects of a certain species. Yet, as species names
sometimes differ from source to source, such work can be very complex, especially when
many species have to be considered. The African Plants Database is a comprehensive
collection of species names, including species name status. As such, it tackles the problem
of synonymy. This database also provides details on ecology and morphology of species
and links to on-line flora. However, the African Plants Database lacks systematic wood-
anatomical descriptions as provided by the InsideWood database. In turn, the InsideWood
database lacks information on species synonymy, ecology and on the presence of thin
sections in different xylaria in the World. Finally, the Tervuren xylarium database provides
images of wood anatomy and information on the availability of thin sections, but it does not
include information on ecology.
Hence, an important task for the future is perhaps the development of an easily accessible
(on-line) program that combines wood anatomical images and/or information on the
presence (or absence) of the species in reference collections, together with information on
wood anatomy, species distribution, species ecology, the use of species and, last but not
least, taxonomic synonymy. This could be partly fulfilled if the powers of the African Plants
Database (synonymy, ecology), the InsideWood database (systematic anatomical
descriptions and images) and the indexes of the largest xylaria of the world (presence of
thin sections and images) would be combined into one ‘umbrella’ database with a user-
friendly search interface. A first attempt is the ‘Woody Species Database’ featuring the
identification protocol presented in Chapter 2 and in the appendix, with an excel version
presented on the DVD (IDENTIFICATION PROTOCOL.xlsx). However, this umbrella
database is far from complete and it cannot be made accessible on the internet due to
copywriting conflicts. Clearly, this ambition transcends the tasks and possibilities of a
humble PhD. As such, the ball is in the camp of the managers of the respective databases.
These databases already offer great opportunities and a cooperative effort could result in a
comprehensive program enabling researchers to identify wood and charcoal and interpret
the results.
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